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ABSTRACT 


The  rates  of  formation  and  decomposition  of 
+  2 

eis- (en) ^Co (OH^ ) (CO^H)  and  its  conjugate  bases  have 

been  investigated  in  the  pH  range  1-7  by  the  stopped- 

flow  method.  Loss  of  CC>2  occurs  predominantly  through 

+  2 

the  fully  protonated  species,  cis- (en) ^Co (OH^ ) (CO^H)  , 
and  the  rate  constant  and  activation  parameters  of  this 
process  are  indicative  of  C-0  rather  than  Co-0  bond¬ 
breaking.  Ring-closure  of  the  monodentate  complexes  to 
form  (en^CoCO^*  has  also  been  studied.  Only  cis- 
(en)2Co(OH2) (CO^)  undergoes  chelate  ring-closure  at 
a  measurable  rate,  and  the  rate  constant  is  indicative 
of  C-0  bond-making.  The  monodentate  carbonato  complexes 

are  formed  mainly  by  the  reaction  of  CO2  with  cis- 

+2 

(en)2Co(OH2) (OH)  .  The  pH  dependence  of  the  rates 

allowed  the  acid  dissociation  constants  of  cis - 

+  2 

(en)2Co(OH2) (CO^H)  to  be  determined. 

It  was  found  that  histidine  reacts  with  a 

stable  tridentate  Schiff  base  complex  of  nickel (II) 

+  2 

(NiTRI(OH2)3  )  in  a  stereoselective  way.  This  reaction 

+2 

was  used  to  resolve  the  optical  isomers  of  NiTRI(OH2)3 

+  2 

Kinetic  studies  of  the  reactions  of  NiTRI(OH2)2 
with  histidine,  3-methylhistidine ,  histamine,  and  histidine 
methyl  ester  indicate  that  initial  complexing  occurs 


v 


with  the  imidazole  nitrogen  followed  by  ring-closure 
of  the  deprotonated  amine  nitrogen  to  give  a  bidentate 
complex.  The  rate  constants  for  formation  of  the 
monodentate  complexes  were  determined  as  well  as  rate 
constants  for  ring-opening  of  the  bidentate  complexes. 
The  rate  of  reaction  with  histidine  appears  to  be 
independent  of  the  optical  isomer  used  despite  the 
stereoselectivity  of  the  reaction  products.  This 
indicates  that  the  stereoselectivity  results  from 
interactions  after  the  rate-determining  step  in 
complex  formation. 

+  2 

Studies  of  the  reactions  of  NiTRI (OH2 ) 3 

with  glycine  and  1-methylhistidine  gave  overall  rate 

constants  for  the  formation  and  decomposition  processes. 

The  rate  constants  could  not  be  reduced  to  values  for 

specific  reaction  paths  in  an  unequivocal  way.  The 

+2  .  ... 

rates  of  the  reactions  of  NiCOH^)^  with  histidine 
and  a-N,N,N-trimethylhistidine  were  studied. 

Several  mechanisms  are  proposed  for 
bidentate  chelation  to  a  metal  ion,  and  these  are 
discussed  and  analysed  in  detail.  The  restrictions 
imposed  by  the  ion  pair  dissociative  mechanism  are 
emphasized.  The  interpretation  of  the  rate  laws 
indicates  that  the  rate-determining  step  for  the 
process  of  chelate  formation  changes  from  ring-closure 


vi 


to  initial  bond  formation  as  the  pH  is  increased. 


The  denticity  of  several  multidentate  ligands 
+2 

coordinated  to  NiTRI  was  investigated  by  an  nmr 
titration  method.  There  is  evidence  of  incomplete 

+  2 

ring-closure  in  the  histamine  complex  with  NiTRI  (C^)^ 
in  the  region  of  pH  =  6.2. 

A  comparison  of  the  rate  constants  for  analogou 
NiTRI  (OH2 )  and  NifO^Jg”^  systems  shows  that  the 
formation  rate  constants  are  quite  similar  but 
dissociation  rate  constants  are  larger  for  the  TRI 
complexes.  These  observations  are  consistent  with  a 
dissociative  formation  mechanism  and  steric  acceleration 
by  TRI  in  the  dissociative  steps. 
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CHAPTER  I 


INTRODUCTION 

Carbon  dioxide  and  its  conjugate  bases,  the 
bicarbonate  and  carbonate  ions,  are  among  the  simplest 
and  most  widely  distributed  chemical  species  found  in 
nature.  They  are  of  fundamental  importance  to  both  the 
physical  makeup  of  the  earth  and  to  the  existence  of  life. 
As  a  result,  they  have  been  the  subject  of  much  study  and 

1-7 

discussion  in  the  scientific  literature. 

In  recent  years,  the  binding  of  carbon  dioxide 

to  metal  ions  has  been  a  subject  of  some  interest.  Much  of 

this  interest  centers  around  the  function  of  the  metal  ion 

2  3  4 

m  the  enzyme  carbonic  anhydrase,  '  '  which  increases  the 

9 

rate  of  hydration  of  CC^  by  a  factor  of  about  10  .  Zinc (II) 

is  found  in  the  native  enzyme,  but  replacement  by  other 

metal  ions  has  been  accomplished,  and  the  cobalt (II) 

.  .  2 

enzyme  also  shows  catalytic  activity. 

Most  of  what  is  known  about  the  binding  of  CC^ 
with  metal  ions  results. from  studies  of  carbonato  complexes 
of  cobalt(III).  Because  of  their  kinetic  inertness,  it 
has  been  possible  to  prepare  a  wide  variety  of  these 
complexes,  in  which  the  carbonate  ligand  is  either 
monodentate  (e.g.  carbonatopentaamminecobalt (III)  ion, 
(NH^)^CoCO^f  )  or  bidentate  (e.g.  carbonato-bf s- (ethylene- 
diamine)  cobalt (III)  ion,  (en) 2CoC0^+  ). 


1 


' 


2 


Two  reviews  of  the  chemistry  of  carbonato 
complexes  give  a  detailed  survey  of  the  work  up  to  1968. 7 

The  hydrolysis  of  carbonatoaminecobalt ( III ) 
complexes  has  been  the  subject  of  a  number  of  studies.  For 
the  monodentate  complex,  (NH^) ^CoCO^+,  in  the  pH  region 

O 

1  to  8,  the  following  mechanism  has  been  proposed. 

K 

(NH3)  5CoC03H+2  +  H20  a — ►  (NH3)5CoC03+  +  H30+  (1.1) 

(NH3) 5CoC03H+2  - — - ►  (NH3) 5CoOH+2  +  C02  (1.2) 

If  the  total  reactant  concentration  is  represented  by 

T=  [ (NH3) 5CoC03H+2]  +  [  (NH3) 5CoC03+]  (1.3) 

9 

and  is  assumed  to  be  a  rapid  pre-equilibrium,  then 

reactions  (1.1)  and  (1.2)  lead  to  the  rate  law 

-d_T=  MH+)  T  (1.4) 

dt  K  +  (H  ) 

3. 

where  (H+)  refers  to  the  activity  of  the  hydrogen  ion.  The 

-7  -1 

values  of  K  and  k  are  4  x  10  M  and  1.25  s  respectively, 
a 

at  25°  and  an  ionic  strength  of  0.5  M(NaClO^). 

Other  monodentate  carbonato  complexes  (  (NH3 )  ,-RhC03  + 

(NH3) ^IrC03+,  (en) 2 (NH3) CoC03+)  appear  to  undergo  hydrolysis 

in  a  similar  manner,  since  they  are  found  to  have  the  same 

rate  law,  and  their  rate  constants  are  similar . ^ ^ 

12 

Oxygen (18)  labelling  experiments  have  shown  that 
reaction  (1.2)  involves  C-O  bond-breaking,  and  therefore 
it  is  best  described  as  a  decarboxylation  reaction. 


' 


3 

In  contrast  with  the  results  obtained  for  the 
monodentate  complexes,  the  rate  law  for  acid  hydrolysis 
of  bidentate  carbonato  complexes  contains  two  terms,  one 
independent  of  and  the  other  first  order  in  hydrogen  ion 
concentration.  The  following  reactions  have  been  proposed 
to  explain  the  kinetic  results  for  the  hydrolysis  of 
(en)  2CoC03+  -'-3,14  ^.jie  region  1-5. 

)c 

(en)2CoC03f  +  H30+  1  »  cis- (en)  2Co  (0H2  )  (CC>3H)  +2  (1 .5  ) 

+  ^  + 
(en)2CoCO.  +  H?0  — - ►  ci s- (en)  2Co  (OH)  (CC>3H)  (1.6) 

2  K  , 

cis- (en)  2Co  (0H2)  (C03H)  +  H20  . . - - » 

(en)  2Co  (OH)  (C03H)+  +  H30+  (1.7) 

cis- (en) 2Co (0H2)  (C03H)+2  - -2— »  cis- (en) 2Co  (0H2)  (0H)+2 


+  C02  (1.8) 

cis- (en) ^Co (0Ho) ^  +  3  +  H„0  - — — - -► 

A  A  A  A  -+~ - - 

eis- (en) 2Co  (0H2)  (OH) +2  +  H30+  (1.9) 

The  rate  constants  are  numbered  so  as  to  be 

.  14 

consistent  with  the  later  discussion.  Harris  and  Sastn 

assumed  that  the  rate  of  ring-opening,  by  reactions  (1.5) 

and  (1.6),  is  slow  relative  to  the  rate  of  (1.8).  with  this 

assumption,  and  if  it  is  assumed  that  the  equilibria 

governed  by  K  and  K  _  are  rapidly  maintained,  then  the 

ax  a  j 


' 

- 


rate  law  is  given  by 


-d[ (en) 2CoCO  +] 

- - - =  jk,  (H  )  +  k  |  [  (en)  -CoCO*]  (1.10) 

dt  1  J  z  J 

-1  -1  -4  -1 

Values  of  0.6M  s  and  1.2  x  10  s  were  reported  for 
k^  and  k_3  respectively,  at  25°  and  an  ionic  strength  of 
approximately  0.25M.  If  the  rate  of  reaction  (1.8)  is 
similar  to  that  of  reaction  (1.2),  then  ring-opening  will 
be  rate-determining,  as  was  assumed  by  Harris  and  Sastri. 

This  assumption  will  be  tested  in  this  present  work. 

It  should  be  noted  that  the  species 
ci s- (en) ^Co (OH) (CO^H)+  in  reaction  (1.6)  could  be  written 
in  the  tautomeric  form,  cis- (en) ^Co (OH^ )  (CO^)  +  .  There 

15 

has  been  some  vacillation  in  the  literature  on  this  point  , 
and  perhaps  the  best  representation  would  show  the  proton 
shared  between  the  hydroxo  and  carbonato  oxygen  atoms  via 
intra-molecular  hydrogen  bonding. 

-f 

The  alkaline  hydrolysis  of  (en)9CoC0^  has  also 
been  studied,^  and  the  experimental  rate  law  was  found 
to  be  consistent  with  the  reaction  sequence  (l.ll)to  (1.16). 

(en)2CoC03+  +  H20  ~3--»  cis- (en)  2Co  (OH)  (CC>3H) +  (1.11) 

k3 

+  -  k-4 

(en)2CoC03  +  OH  — *  cis- (en) 2Co  (OH)  (C03 ) 


(1.12) 


5 


cis-  (en)  „Co  (OH)  (CO^H)  +: - ^cis-  (en)  „Co  (OH)  (C0„  )  +H+  (1.13) 

Z  3  -  Z  3 

^5  +  _ 

cis- (en)  2Co  (OH)  (C03)  ■■■■  »  cis-  (en)  2Co  (OH)  2  +HC03  (1.14) 

k-5 

cis-  (en)  ^Co  (OH)  2  +  - —  ■  trans- (en) 2Co (OH) 2+  (1.15) 

cis- (en) 2Co (OH)  (COQ  . . »  trans-  (en) ^Co (OH)  (CO^)  (1.16) 

At  26°  and  an  ionic  strength  of  1 . OM (NaClO^ ) , 

the  values  of  k_3  [H20] ,  k^  and  k_^  were  found  to  be 

5.4  x  10~5  s“\  6.52  x  10~5  m"1  s”1,  and  3.17  x  10~3  M_1  s-1, 

16  17 

respectively.  '  Under  the  same  conditions,  k,.  has  a 

value  of  approximately  4.6  x  10  J  M  ^  s  The  small 

amount  of  trans  product  observed  was  accounted  for  by 

17 

reactions  (1.15)  and  (1.16).  An  oxygen (18)  study  showed 

that  reaction  (1.12)  proceeds  via  Co-0  bond  breaking. 

These  results  indicate  that  partial  base 

hydrolysis  of  (en)2CoC03+  should  be  a  convenient  method 

for  preparing  solutions  of  the  monodentate  species, 

cis- (en) 2Co (OH) (CO^).  It  is  the  intention  of  this 

present  work  to  study  the  kinetics  of  acid  hydrolysis 

and  possible  ring-closure  of  the  three  monodentate 

+2 

carbonato  species,  cis- (en) 2Co (OH^ ) (CO^H)  , 
cis- (en ) 2Co (OH2 ) (CO^ ) + ,  and  cis- (en) 2Co (OH) (CO^) . 


.  igOO)  (HO)  CO  (R^)^sxts  tMB  -)3)  ( 


EXPERIMENTAL 


Materials 

Carbonato-£>is-  (ethylenediamine )  cobalt  (III) 

chloride,  (en) 2CoC0^Cl ,  was  prepared  as  described  previously 

1 8 

by  Schlessinger .  The  product  was  recrystallized  from  hot 
water,  and  dried  under  vacuum  over  CaSO^  for  several  days 
before  use.  Analysis .  Calculated  for  (en) ?Co (CO^ ) Cl :  C,  22.0; 
H,  5.87;  N , 2 0 . 4 .  Found:  C,  21.1;  H,  5.72;  N,  20.4. 

The  perchlorate  salt  of  the  complex  was 
precipitated  directly  by  mixing  a  warm  saturated  solution 
of  (en) 2C0 (CO^ ) Cl  with  a  solution  of  sodium  perchlorate. 

After  cooling  the  solution,  the  precipitate  was  collected  by 
filtration,  washed  with  cold  water,  and  dried  under  vacuum 
over  CaSO^ .  Analysis.  Calculated  for  (en) ^Co (CO^ ) ClO^ : 

C,  17.8;  H,  4.76;  N,  16.5.  Found:  C,  17.4;  H,  4.84;  N,  16.3. 

The  values  of  the  molar  absorptivity  obtained 
from  the  electronic  spectrum  of  a  freshly  prepared  aqueous 
solution  of  (en) 2C0 (CO^ ) ClO^  in  1  M  LiClO^  are  in  good 
agreement  with  those  previously  published,  as  shown  in 
Table  1. 

All  solutions  were  prepared  from  water  which 
was  distilled  twice  in  a  glass  apparatus.  The  second 
distillation  was  from  alkaline  permanganate. 

Standard  sodium  hydroxide  solutions  were 
prepared  by  dilution  of  ampoules  of  concentrated  reagent 
(J.T.  Baker).  Perchloric  acid  stock  solutions  were 
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' 


7 


Table  1 

Molar  Absorptivity  of  (en)  ^CoCO^"1" 


A  ,  nm 

max 

£ 

max 

A  ’  ,  nm 

max 

e ' 

max 

Reference 

n  3  ,-l  -1 

dm  mol  cm 

dm^mol  ^cm 

512 

131.5 

358 

120.8 

19a 

516 

136.0 

363 

123.7 

16a 

513 

132.2 

361 

119.9 

this  work*3 

(a)  Measured  at  25°  in  1  M  NaClO^. 

(b)  Measured  at  23°  in  1  M  LiClO^  ,<15  minutes  after 
preparation  of  the  solution. 

prepared  from  concentrated  reagent  (70%,  McArthur)  by 
dilution,  and  were  standardized  against  sodium  hydroxide 
using  bromothymol  blue  indicator.  Stock  solutions  of 
lithium  perchlorate  were  prepared  from  reagent  grade 
material (G . F .  Smith  Co.).  These  solutions  were  filtered 
with  a  Millipore  filter  to  remove  insoluble  material (< 0 . 01% ) , 
and  standardized  by  determining  the  amount  of  hydrogen  ion 
released  from  a  Dowex  50W-X8 (100-200  mesh)  cation  exchange 
column,  originally  in  the  H+  form.  Analytical  grade 
sodium  carbonate  and  sodium  bicarbonate  were  used  as 
supplied (Matheson ,  Coleman,  and  Bell). 

Stock  solutions  of  the  buffers  sodium  acetate 
(British  Drug  Houses),  tri-sodium  citrate (Fisher ) , 
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2-methoxypyridine (Aldrich) ,  MES  (2- (N-morpholino) ethane- 
sulfonic  acid) (Polysciences)  and  PIPES ,  (1 , 4-piperazinoM s- 

(ethanesulfonic  acid) )  (Polysciences)  were  prepared  from 
the  commercial  materials  as  supplied.  Aniline  (Shawinigan, 
Reagent  Grade)  was  purified  by  distillation  in  the 
presence  of  zinc  dust.  Stock  solutions  of  aniline  were 
prepared  by  dilution  and  used  within  several  hours.  The 
pK  values  used  in  ionic  strength  calculations  are  listed 
in  Table  2 . 


Table  2 

Acid  Dissociation  Constants  of  Buffers 


a 


Buffer 

?Ka 

Reference 

Acetate 

4.8 

(20) 

Citrate 

3. 1,4. 7,5. 4 

(20) 

2-methoxy-pyridine 

3.3 

(20) 

Aniline 

4.6 

(20) 

MES 

6.1 

(21) 

PIPES 

6.8 

(21) 

(a)  Values  at  25 0  . 


Kinetic  Instrumentation 

The  kinetic  data  for  the  cis-trans  isomerization 
+2 

of  (en)2Co(OH2)  (OH)  were  collected  using  a  Cary  Model  14 
recording  spectrophotometer.  The  temperature  was 


- 

controlled  at  25±0.5°  by  passing  water  from  a 
thermostatted  water  bath  through  the  metal  cell  holder. 

All  of  the  other  kinetic  data  was  obtained 
using  a  standard  Aminco-Morrow  stopped-flow  apparatus. 

The  curves  of  transmittance  versus  time  were  recorded  on  a 
Tektronix  storage  oscilloscope,  and  were  permanently 
recorded  on  Polaroid  film.  The  drive  syringes  on  the 
stopped-flow  apparatus  were  thermostatted  at  26±0.5°, 
(except  in  the  temperature  study)  with  water  circulated 
from  a  Colora  constant  temperature  bath,  the  temperature 
of  which  was  controlled  by  a  Thermistemp  Model  71  control 
device,  with  the  thermistor  probe  mounted  on  the  thermo¬ 
statted  housing  of  the  drive  syringes  of  the  stopped-flow 
apparatus.  The  temperature  was  monitored  with  a  Doric 
Model  DS-100-T3  digital  readout  thermometer  coupled  with 
a  copper-constantan  thermocouple,  which  also  was 
attached  to  the  thermostatted  housing  of  the  stopped- 
flow  apparatus.  Both  the  thermistor  probe  and  the 
thermocouple  were  shielded  from  air  currents  with 
insulation  material. 

In  order  to  measure  the  pH  of  the  product 
solutions,  samples  from  3-4  runs  on  the  stopped-flow 
instrument  were  collected.  The  reported  pH  is  the  average 
of  2-3  such  determinations.  The  pH  was  measured  with  a 
Metrohm  Herisau  pH  meter  and  a  Fisher  combination  micro¬ 
electrode.  The  electrode  reference  solution  (KC1)  was 
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replaced  with  1.0M  NaCl  to  prevent  formation  of 
insoluble  KCIO^  in  the  solutions  containing  perchlorate 
ion.  The  pH  meter  was  calibrated  using  standard  buffer 
solutions  (Fisher  Certified) . 

Kinetic  Measurement  of  the  Rate  of  Decarboxylation 

Solutions  of  ci s- (en) ^Co  (OH)  (CO^ )  were  prepared 

-3 

in  situ  by  mixing  a  20.0  ml  aliquot  of  a  1.2  x  10  M 
stock  solution  of  (en) ^Co (CO^ ) Cl  with  5.00  ml  of  1.00M 
NaOH,  in  a  stoppered  flask.  After  30  minutes,  this  solution 
was  mixed  in  the  stopped-flow  apparatus  with  a  solution 
approximately  0.2M  in  HCIO^ ,  and  0.16M  in  buffer.  The 
concentration  of  the  acid  was  adjusted  so  as  to  give  the 
desired  final  pH  after  mixing.  Lithium  perchlorate  was 
included  in  each  solution,  so  that  the  ionic  strength  of 
the  solutions  before  mixing  was  the  same,  and  so  that 
the  product  solutions  would  have  an  ionic  strength  of 
1.0M.  The  concentration  and  type  of  buffer  used  in  each 
kinetic  run  is  given  in  Table  3. 

Kinetic  Measurement  of  the  Rate  of  Isomerization 

+  3 

A  stock  solution  of  (en)  ^Co  (C^ )  2  was 
prepared  by  dissolving  a  weighed  amount  of  (en) ^CoCO^Cl 
in  dilute  HCIO^ ,  and  flushing  the  solution  with  argon 
for  several  hours  to  remove  the  CO^.  After  addition  of 
MES  buffer  (0.04M)  and  LiClO^,  to  give  a  final  ionic 
strength  of  1.0M,  dilution  to  volume  gave  a  solution  of 


. 


3. 
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-3 

8.79  x  10  M  cobalt  complex,  at  pH  -  3. 

To  begin  a  typical  kinetic  run,  6.0  ml  of  the 
diaquo  stock  solution  were  placed  in  a  2.00  cm  cuvette, 
which  was  closed  with  a  rubber  serum  cap.  Then  20  to  50  pi 
of  3.95M  NaOH  was  injected  into  the  solution,  so  that  the 
pH  increased  rapidly  into  the  region  of  6-7.  After  the 
reaction  was  complete,  the  pH  of  each  run  was  measured. 

The  decrease  in  absorbance  at  510  nm  was  followed  for  at 
least  five  half-lives. 


Kinetic  Measurement  of  Carboxylation  and  Ring-Closing 
Method  1 

A  solution  of  3  x  10  (en)  (CO^ )  Cl  in  0 . 2M 
HC104  was  mixed  in  the  stopped-flow  apparatus  with  a 
solution  of  NaHCO^  in  0.2M  NaOH,  The  concentration  of  the 
NaHCO^  was  adjusted  so  as  to  give  the  desired  pH  after 
mixing,  and  the  concentration  of  free  CO2  was  determined 
from  the  known  equilibrium  constants  of  the  carbonate 
system. 

Method  2 

An  aliquot  of  20  to  100  pi  of  3.95M  Na2C0^ 

solution  was  added  to  25.0  ml  of  a  stock  solution  of 
-4  +3 

2  x  10  M  (en) 2Co (0H2) 2  /  prepared  by  dissolving  a  known 

-3 

amount  of  (en^CoCO^Cl  in  10  M  HCIO^ .  This  solution  was 
mixed  in  the  stopped-flow  apparatus  with  a  solution  of 
0.16M  buffer  (MES  or  PIPES),  and  enough  sodium  hydroxide 
to  give  the  desired  final  pH  in  the  region  of  5.4  to  7.2. 
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Since  the  acidic  solutions  of  carbonate  tended  to  give 
off  CO^  on  standing,  they  were  used  as  rapidly  as  possible 
after  preparation.  The  concentrations  of  several  of  these 
reactant  solutions  of  CO^  were  checked  by  adding  an 
excess  of  standard  carbonate-free  sodium  hydroxide  to  an 
aliquot  of  the  reactant  solution,  and  back  titrating 
with  standard  HCIO^  solution  to  the  bromocresol  green 
end-point.  The  CO  2  concentration  determined  in  this  way 
was  found  to  agree  within  5%  of  the  concentration 
determined  from  the  amount  of  Na^CO^  added. 

All  reactant  solutions  contained  enough  LiClO^ 
to  give  a  final  ionic  strength  after  mixing  of  1.0M. 

Treatment  of  Kinetic  Data 

Throughout  the  course  of  this  research,  several 
different  techniques  were  used  to  analyse  the  kinetic 
data  more  efficiently.  The  rate  constants  for  eis-trans 
isomerization  were  determined  from  the  slopes  of  plots 
of  the  logarithm  of  the  absorbance  change  versus  time. 

The  plots  of  these  data  were  linear  for  at  least  90  % 
of  reaction. 

The  data  from  the  stopped-flow  apparatus  are 
in  the  form  of  oscilloscope  traces  of  %  transmittance 
versus  time.  The  absorbance,  A,  is  related  to 
%  transmittance,  T,  by 

A  =  log  (^7p)  =  2  -  log  T 


(1.17) 
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For  a  reaction  in  which  the  absorbance  is 
proportional  to  the  concentration  of  the  reactants  and/or 
products,  a  first-order  rate  coefficient  (^eXp)  can  be 
obtained  from 


In  A  -  A,  -  In  A  -  A 

1  oo  t  1  1  oo  0 


=  -k  t 
exp 


(1.18) 


where  A  co,  A^ ,  and  Aq  represent  the  absorbances  after  10 
half-lives  of  reaction,  at  time  t,  and  before  the  reaction 
has  begun,  respectively.  Substitution  of  (1.17)  into 
(1.18)  leads  to 


In \ log 


(Tt) 


(T  ) 


=  ln<log 


o 


-  k  t 
exp 


(1.19) 


(T  )  )  (  (T  ) 

where  the  subscripts  have  the  same  meaning  as  above.  It 
was  found  most  convenient  to  measure  the  difference,  ATt, 
defined  as  shown  in  Figure  1.  When  the  transmittance 
increases  during  the  reaction  as  in  Figure  1(a),  then 


ATt  =  (Toffset  -  V 


(1.20) 


where  T0ffse^-  obtained  directly  from  the  stopped-flow 
apparatus,  and 


AT  =  (T  ,  -  T  ) 

°°  off  set  °° 


(1.21) 


Substitution  for  T,  and  T  into  (1.19),  gives 

t  °° 


In  log- 


T  rr  ,  -  AT. 

offset_ t 

T  4-  ~  AT 

offset  00 


=  In 


log 


'  0 


-  k  t 
exp 


(1.22) 


The  value  of  k  is  obtained  from  the  slope  of  a  plot  of 

exp  ^ 


^offset 


TIME 


^offset 


Figure  1.  Analysis  of  transmittance- time  data. 
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the  left 

hand  side  of 

(1.22) 

versus  time. 

When  the  transmittance  decreases  during  the 

reaction 

as  in  Figure 

1(b)  , 

111 

-p 

Eh 

<1 

(Tt  - 

T  ) 

offset' 

(1.23) 

AT  E 

OO 

(Tco  " 

T  ) 

offset 

(1.24) 

and  then  k  can  be  obtained  from  the  slope  of  a  plot  of 
exp  ^  ^ 

InUog  (  (TQf f set  +  ATt)  /  (T0ffset  +  AToo^  ^  verus  time.  It  is 

convenient  to  redefine  AT,  and  AT  (as  above)  so  that 

t  00 

their  values  are  always  positive. 

The  values  of  k  for  the  decarboxylation  study 

exp  2  2 

were  obtained  from  the  slopes  of  linear  plots  of  equation 

(1.22).  Such  plots  were  linear  for  at  least  75%  reaction, 

except  in  cases  where  the  value  of  AT^  was  uncertain. 

In  all  cases,  the  best-fit  line  was  approximated  visually. 

For  the  carboxylation  and  ring-closing  data, 

least-squares  "best-fit"  values  of  k  were  calculated 

exp 

using  a  computer  program  written  for  the  Wang  500 

programmable  desk  calculator.  The  program  was  written  to 

accept  ten  data  points  equally  spaced  on  the  time-axis, 

and  was  found  to  be  very  efficient  for  the  analysis  of 

large  amounts  of  stopped-flow  data.  The  equations  and 

the  program  used  are  described  in  Appendix  A.  Comparisons 

of  values  of  k  obtained  from  some  of  the  decarboxylation 

exp 

data  using  both  graphical  and  least-squares  methods 


■ 
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showed  close  agreement.  The  reported  values  of  k 

r  exp 

from  the  stopped-flow  data  in  this  work  are  usually 
the  average  of  ten  kinetic  runs  under  identical 
conditions . 

Values  of  k^  were  quoted  with  three  figures, 
although  the  standard  deviation  indicates  that  the  third 
figure  is  usually  not  significant.  Likewise,  the  results 
quoted  in  the  text  usually  contain  one  more  figure  than 
is  significant  as  indicated  by  the  confidence  limits. 
However,  only  significant  figures  are  retained  in  the 
tables  of  final  results. 


RESULTS  AND  DISCUSSION 


Decarboxylation 

It  has  been  shown  by  Francis16  that  (en)  2CoCC>3  + 
reacts  moderately  rapidly  in  dilute  alkaline  solution 
to  produce  cis- (en) ?Co (OH) (CO^),  and  that  further  reaction 
to  give  (en) 2Co (OH) 2+  is  much  slower.  This  reaction  gives 
a  convenient  in  situ  preparation  of  the  monodentate 
carbonato  species  cis- (en) 2Co  (OH)  (CO^).  The  spectral 
changes  accompanying  the  reaction  in  0.2  M  NaOH  are  shown 
in  Figure  2. 

When  samples  from  this  reaction  solution  were 
taken  after  30  minutes  and  mixed  in  the  stopped-flow 
system  with  acid  and  buffer,  to  give  a  final  pH  in  the 
range  of  1  to  6,  a  number  of  spectral  changes  were 
observed.  If  the  sample  is  monitored  at  520  nm,  there  is 
an  increase  in  transmittance,  but  the  magnitude  of  this 
change  decreases  markedly  as  the  final  pH  of  the  solution 
increases  above  4.5.  In  addition,  above  pH  5,  the 
transmittance  continues  to  increase  slowly  even  after 
about  eight  half-lives  of  the  initial  transmittance 
change.  This  suggests  that  a  second,  slower  reaction  is 
occurring.  If  sodium  bicarbonate  is  added  to  the  solution 
of  cis- (en) 2Co (OH) (CO^)  before  acidification  to  pH  >  5, 
the  magnitude  of  the  initial  transmittance  increase  at 
520  nm  is  very  small,  and  it  is  followed  by  a  slow  decrease 
in  transmittance.  A  typical  trace  recorded  under  these 
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conditions  is  shown  in  Figure  3.  This  slow  decrease  is 
also  observed  at  pH>  5.8  even  in  the  absence  of  added 
NaHCC>3  . 

If  a  wavelength  of  320  nm  is  used  to  observe 
the  acidified  solutions ,  then  an  initial  increase  in 
transmittance  is  again  seen.  However  the  magnitude  of  this 
change  is  greater  than  that  at  520  nm,  as  shown  in  Figure 
4,  The  magnitude  of  the  change  at  320  nm  is  relatively 
independent  of  the  pH.  The  slower  change  found  at  520  nm 
is  also  much  less  significant  at  320  nm  relative  to  the 
initial  change,  and  therefore  causes  much  less  difficulty 
in  the  analysis  of  the  data  for  the  first  reaction.  However, 
for  pH  >  5.8,  the  transmittance  increase  was  not  a  simple 
first-order  function  as  evidenced  by  the  non-linearity  of 
the  plots  of  the  logarithm  of  the  absorbance  change  versus 
time.  When  sodium  bicarbonate  was  added,  there  was  a 
considerable  reduction  in  the  magnitude  of  the  transmittance 
increase  at  pH  >  5,  but  the  slower  change,  noted  for 
pH  >  5  e  8  without  added  NaHCO^ ,  still  could  be  observed. 

A  consideration  of  the  known  spectra  of  (en)  2CoCC>3  + 
+  3  22 

and  ci s- (en) pCo (OH2 ) 2  /  and  of  equilibrium  mixtures  of 

+  2 

cis  and  truns- (en ) 2Co (OH)  (OH2)  ,  indicates  that  the 

observations  on  acidification  of  (en^Co^H)  (CO^)  can  be 
understood  in  terms  of  the  reaction  sequence  given  in 


Scheme  1. 


.  '• 


TRANSMITTANCE 
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Figure  3.  Transmittance  changes  observed  at  520  nm  upon 

-3 

rapid  neutralization  of  a  solution  of  10  M 
ois-  (en) ^Co (OH)  (CO^)  and  10  ^ 

6.5  .  1=  1.0  M(LiCl04).  T=  26° 


M  NaHC03  to  pH 


' 

' 


TRANSMITTANCE  %  TRANSMITTANCE 
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TIME 


Figure  4.  A  comparison  of  the  transmittance  changes 

observed  at  520  and  320  nm  upon  decarboxylation 
of  cis- (en)  ^Co  (OH^ )  (CO^H)+^.  (a)  X  =  520  nm, 

pH=  5.2,  [Total  Co(III)]=  9.7x  10~4  M,  [Buffer]= 
0.080  M  Acetate.  1=  1.0  M(LiClC>4).  T=  26°. 

(b)  X  =  320  nm,  pH=  5.3,  [Total  Co(III)]=  4.0  x 
10-4  M,  [Buffer]  =  0.080  M  Citrate.  1=  1.0  M(LiClC>4) 
T  =  26°. 
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Scheme  1 


+  1/Ka?  + 

c?is- (en)  2Co  (OH)  (C03)  +  H  ;  cis- fen)  2Co  (OH2  )  ( CO  ) 

+  +  1/Kal 

cis- (en)  2Co  (OH2)  (C03)  +  H  - -  »  cis- fen)  2Co  (OH.)  (CO  H) 


+  2 


cis- (en) 2Co  (OH2)  (C03H) +2 - — ►  cis- (en) 2Co  (0H2 )  (OH) +2  +  C02 

V  ' 

-f  Kp  -L 

cis- (en)  2Co  (OH2)  (C03)  - cis-  (en)  2Co  (OH)  2  +  C02 

+  ^  3  + 

cis- (en) 2Co (0H2)  (C03)  - - — ^  cis- (en) 2CoC03  +  H20 

cis- (en) 2Co (0H2)  (0H)+2  t  ■— Ct—  ^  trans- (en) 2Co (0H2 )  (0H)+2 


The  major  initial  transmittance  change  in  the 

acidic  solution  is  due  to  the  decarboxylation  reactions 

(  k2  and  k2').  The  magnitude  of  the  transmittance  change 

observed  at  520  nm  may  decrease  as  the  pH  is  increased, 

because  of  a  change  either  in  the  nature  of  the  reactants 

(as  (en)2Co(OH2)  (C03H)+2  is  converted  to  (en)2Co(OH2)  (C03)4) 

+  3  +2 

or  in  the  products,  (en) 2Co (OH2 )  and  (en)2Co(OH2) (OH) 

This  explanation  is  also  consistent  with  the  observation 
that  the  magnitude  of  the  transmittance  change  at  320  nm 
is  independent  of  pH,  implying  that  the  two  reactants  are 
nearly  isosbestic  with  each  other  at  this  wavelength,  and 
that  the  two  products  are  also  isosbestic  with  each  other. 

Spectra  of  the  products  are  consistent  with  this  explanation 
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The  slower  decrease  in  transmittance  at  520  nm 
in  the  presence  of  NaHCO^  at  pH  >  5,  and  the  increase  in 
transmittance  observed  at  320  nm  for  pH  >  5.8,  or  in  the 
presence  of  NaHCO^  at  pH  >  5,  can  be  attributed  to  the 
chelation  reaction  (i.e.  formation  of  (en^CoCO^"1"  ). 

This  is  observed  because  the  added  carbonate  suppresses 
the  decarboxylation  reactions.  The  directions  of  these 
transmittance  changes  are  consistent  with  what  is  expected 
for  chelation,  and  their  identity  is  further  confirmed  by 
the  observations  made  during  the  carboxylation  studies  to 
be  discussed  later. 

The  slowest  change  observed  at  520  nm  and  pH  >  5 

is  consistent  with  the  isomerization  reaction  (K  ^ ) .  This 

ct 

was  confirmed  by  an  independent  study  desribed  in  the  next 
section. 

The  experimental  pseudo-f irst-order  rate 

coefficients  (^e  )  for  the  decarboxylation  reaction  are 

given  in  Table  3.  The  results  at  320  nm  and  520  nm  are 

found  to  agree  when  experimental  conditions  have  permitted 

observation  at  the  two  wavelengths.  The  pH  dependence  of 

k  is  found  to  follow  the  empirical  rate  law 
exp 

k  =  a  (1.25) 

exp  - — 

b  +  (H  ) 

This  result  can  be  reconciled  with  the  reactions  shown 
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Table  3 

Observed  Rate  Coefficients  for  the  Decarboxylation  Reaction 


PH 

-l*3 

k  ,  s 

exp 

No.  of  Runs 

Buf  f erc ' ^ 

0 . 9  5e 

1.10  ±  .03 

10 

None 

1. 15e 

1.10  ±  .08 

10 

None 

2. 02e 

1.10  ±  .04 

10 

None 

3 . 00e 

1.11  ±  .06 

12 

MP 

3.00 

1.12  ±  .04 

9 

MP 

3.12 

1.21  ±  .06 

10 

MP 

3. 14e 

1.10  ±  .05 

7 

3.  32 

1.20  ±  .04 

10 

MP 

3.52 

1.18  ±  .04 

10 

MP 

4.30 

0.96  ±  .06 

10 

AN 

4.30 

1.05  ±  .06 

10 

AC 

4.40 

1.01  ±  .05 

12 

AN 

4.40 

1.04  ±  .04 

11 

4.54 

1.08  ±  .03 

10 

AC 

4.56 

0.900  ±  .04 

10 

AN 

4.63 

0.880  ±  . 03 

10 

AN 

4.75 

0.980  ±  .04 

10 

AN 

4.96 

0.890  ±  .05 

12 

5.05 

0. 920  ±  .05 

6 

AC 

5.10 

0.840  ±  .06 

11 
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Table  3  (Cont'd) 


pH 

k 

exp 

s 

lb 

No.  of  Runs 

Buffer0 ' d 

5.12 

0.890 

+ 

.  06 

12 

5.12 

0.850 

+ 

.06 

10 

5 . 2  0e 

0.911 

+ 

.02 

8 

AC 

5.32 

0.810 

+ 

.03 

14 

5.42 

0.780 

+ 

.  02 

10 

5.43 

0.726 

+ 

.03 

8 

5.48 

0.678 

+ 

.06 

8 

5.56 

0.60  3 

+ 

.03 

9 

5.62 

0.670 

+ 

.  05 

14 

5.64 

0.478 

+ 

.  04 

6 

MES,  . 04M 

5.70 

0.483 

+ 

.03 

10 

5.75 

0.530 

+ 

.03 

10 

5.76 

0.539 

+ 

.01 

11 

5.80 

0.340 

+ 

.  02 

6 

5.86 

0.445 

+ 

.02 

10 

5.86 

0.490 

+ 

.03 

12 

6.04 

0.211 

+ 

.  02 

10 

MES,  . 04M 

3. 0e'f 

0.301 

+ 

.  01 

8 

MP 

1. 9e'f 

0.275 

+ 

.02 

10 

None 

3. 0e'g 

0.548 

+ 

.03 

10 

MP 

1. le,g 

0.513 

+ 

.  04 

8 

None 

1.8e'g 

0.490 

+ 

.03 

10 

None 
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Table  3  (Cont'd) 


PH 

k 

exp 

-ib 

s 

No 

.  of  Runs 

Buffer0 ' ^ 

1 . 8  e ' h 

1.91 

±.07 

8 

None 

2.9e'h 

1.90 

±.12 

10 

MP 

1 . 7e ' 1 

8.79 

±.29 

10 

None 

(a)  Temperature (T) 

O 

is  26.0 

unless  otherwise 

stated . 

1=  1.0  M 

(LiCIO 

4>-  A  = 

320 

nm,  and  total 

complex 

concentration  2 

-5  x  10" 

4  M 

after  mixing, 

unless 

otherwise  indicated. 

(b)  The  error  limits  are  one  standard  deviation. 

(c)  Citrate  buffer  was  used  unless  designated  as  follows: 
AC ,  acetate;  AN,  aniline;  MP ,  2-methoxy-pyridine ;  MES, 
see  experimental. 

(d)  The  final  buffer  concentration  after  mixing  was  0.08  M 
unless  otherwise  indicated. 

(e)  X  =  520  nm. 

(f)  T  =  14.0° 

(g)  T  =  20.0° 

(h)  T  =  30.0° 

(i)  T  =  41.0° 
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in  Scheme  2 . 


Scheme  2 


+  1/Ka2  + 

eis- (e n) 2Co (OH) (C03)  +  H  -  »  eis- (en) 2Co (0H2>  (CO,) 

+  +  1/Kal  +9 

ois- (en)  2Co  (0H2)  (C03)  +H  < - e is-  (en)  2Co  (0H2 )  (CO  H) 

eis- (en)  2Co  (0H2)  (C03H) +2 - - — ►  eis-  (en)  2Co  (0H2)  (OH)  +2  +  CC>2 

+  V  + 

(en)  2Co  (0H2)  (CC>3)  - — ►  eis-  (en )  2Co  (OH)  2  +  C02 


If  the  total  reactant  concentration  is  represented  by 
T  =  [  (en) 2Co(OH2)  (C03H)+2]  +  [  (en) 2Co (0H2)  (C03) +] 


+  [  (en) 2Co(OH)  (C03) ] 


(1.26) 


and  since 


•d  T  =  k  T 

at-  exp 


(1.27) 


then  it  can  be  shown  that 


k  _  k2(H+)2  +  k2'Kal(H+) 

exp  — - 

(H+)2  +  Kal((H+)  +  Ka2 


\ 

) 


(1.28) 


2  3 

Previous  workers  reported  a  value  of  K^2  = 

-  9  + 

1.8  x  10  M,  so  that  (H  )  >>  K  0  under  the  present 

experimental  conditions,  and  equation  (1.28)  can  be  reduced 
to 


.  k~ (H+)  +  k0'K. 

K  =  Z  ^  ci-L 

exp - + - 


(«  )+  Kal 


(1.29) 
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Consistency  with  the  experimental  rate  law 

T+ 


(equation  (1.25))  requires  that  k0 (H  )  >>  k'K  , .  Comparison 

of  (1.29)  with  (1.25)  then  gives  a=  k2  and  b=  K  ^ .  A  computer 

fit  of  the  results  to  an  expression  of  the  form  of  equation 

(1.29)  confirmed  that  ^2^Kal  not  distinguishable  from  zero 

2  4 

The  least-squares  "best-fit"  values  of  k^  and  are 

1.11  ±  0.04  s  1  and  (2.2±0.4)  x  10  ^  M  respectively,  where 

the  errors  quoted  are  estimates  of  the  95%  confidence 
2  5 

limits.  The  results  calculated  from  these  values  using 
an  equation  of  the  form  of  (1.2  5)  ,  are  compared  to  the 
experimental  results  in  Figure  5. 


If  it  is  assumed  that  k  'K  n  is  less  than  10% 

2  al 

of  the  minimum  value  of  k^  (H+)  ,  then  an  upper  limit  of 
k^  ’  <  0.05  s  ^  is  calculated. 

The  results  of  the  decarboxylation  study,  together 
with  those  from  the  carboxylation  study  discussed  later  in 
this  section,  allow  an  independent  calculation  of  an  upper 
limit  for  k2'.  The  reactions  are  shown  in  Scheme  3. 

Scheme  3 


(en)2Co(OH2)  (OH)+2  +  CC>2  ( — » 


H 


+ 


K 


(en) 2Co (OH2) (C03H) 
_+ 


+  2 


a4 


H 


(en) 2Co (OH) 


+  CO 


K-2 


K 


al 


2 


(en) 0Co (0Ho) (CO^) 


+ 


k  ' 
K2 


exp 
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» _ I  I _ _ I _  I  _ I _ _! _ I  I  t 

1.0  2.0  3.0  4.0  5.0  6.0 


pH 

Figure  5.  The  pH  dependence  of  kexp  for  the  decarboxylation 
of  cis-(en) 2Co(OH2)  (C03H)+2.  1=  1.0  M(LiC104). 

T=  26°.  The  solid  line  was  calculated  from  (1.25) 

—  I  ”6 

using  values  of  a=  1.11  s  and  b=  2.2  x  10  M. 


. 


All  of  the  cobalt  species  in  Scheme  3  have  the  cis 
configuration.  From  detailed  balancing, 
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v  '  = 
2 


Ka4k2k-2 ' 

Kal  k-2 


(1.30) 


—  1  —  6 

Using  values  of  =  1.10  s  ,  K  ^  =  2.2  x  10  M, 

=  6.46  x  10  ^  M,  k_2  =  5.2  x  10^  M  ks  k,  and 
k^'  <  50  M  ks  k,  the  latter  two  of  which  are  evaluated 

later  in  this  section,  k2  '  is  estimated  to  have  a  value 

“4  -1 

less  than  3  x  10  s 

The  results  of  the  temperature  study  of  the 

decarboxylation  reaction  (Table  3)  give  AH*  =  95±9  kJ  mol 

1  -1  -l 

and  AS*  =  (8±  3)  x  10  J  K  mol  .  These  values  were 
determined  by  least-squares  analysis  of  the  transition- 
state  equation, 


In 


‘exp  /  AH*  , 

t  r  ~rt  +  ln 


^b/  AS* 
h  \  R 


(1.31) 


where  the  symbols  have  their  usual  meanings 
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Isomerization 

As  noted  in  the  previous  section,  a  much  slower 

reaction  was  observed  at  520  nm  following  the  decarboxylation 

26  27 

reaction,  A  consideration  of  results  in  the  literature  ' 

indicated  that  this  might  be  cis-tvans  isomerization  of 

the  products  of  the  decarboxylation  reaction.  However,  the 

published  results  were  not  complete  enough  to  allow  an 

unambiguous  assignment  of  this  reaction.  Therefore  a  study 

was  undertaken  to  determine  if  the  rate  and  direction  of 

transmittance  changes  due  to  isomerization  were  consistent 

with  those  observed  for  the  slow  reaction  following 

decarboxylation.  Since  this  work  was  completed,  results 

2  8 

of  a  similar  study  have  been  published. 

22 

Bjerrum  and  Rasmussen  have  shown  that  at  pH  <  3, 

+  3 

uf s- (en) 2C0  (OH2 ) 2  is  the  predominant  species.  However, 
when  the  pH  is  increased,  isomerization  involving  the 
conjugate  bases  will  occur.  This  is  essentially  the 
procedure  which  was  used  to  follow  the  isomerization,  as 
described  in  the  experimental  section. 

It  should  be  noted  initially  that  the  direction 
and  magnitude  of  the  transmittance  change  observed  for 
this  reaction  are  the  same  as  those  observed  at  520  nm 
for  the  slow  reaction  following  decarboxylation.  The 
experimental  pseudo-f irst-order  rate  coefficients  are  given 
in  Table  4,  and  are  found  to  fit  the  general  equation 


■ 

. 
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Table  4 

Observed  Rate  Coefficients  for  ois-trans 


Isomerization 


a 


PH 

103  k  ,  s^1 

exp 

5.76 

4.0 

5.82 

4.0 

5.90 

3.9 

6.14 

4.3 

6.46 

4.4 

6.50 

4.6 

6.58 

4.7 

(a)  The  total  concentration  of  cobalt (III)  species  was 

-  7 

8.79  x  10  M.  Temperature  was  25.0°  ,  I  =  1.0  M  (LiClO^) 
and  0.040  M  MES  buffer  was  included. 
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+ 


exp 


a  +  b  ( Ii  ) 
c  +  (H+) 


(1.32) 


22 

The  results  of  Bjerrum  and  Rasmussen  clearly 

show  that  under  the  present  experimental  conditions, 

(pH  5.8  to  6.6)  the  dominant  species  in  solution  will  be 

+  3 

the  czs  and  tvans  isomers  of  (en)  ^Co  (OH^ )  2  an(l 

+  2 

(en)2Co(OH2) (OH)  .  Therefore  only  the  reactions  in  Scheme 
4  will  be  considered  in  developing  the  rate  law. 


Scheme  4 

gfs- (en)  2C0  (OH2  )  n  +  ^  c  '  a-~— »  cis- (en)  2Co  (OH^  )  (OH) +  H+ 

I  K  £-  |  | 

t rans-  (en)  ^Co  (0Ho  )  ^  tvans- (en)  O0o  (OH^ )  (OH)  +  H 

Z  Z  Z  - -  z  z 

V- 

I  O  *i  |  g 

cis~  (en)  2^0  (0H„  )  2  ' - c  »  tvans-{e 

ktl 

ois- (en)  Co (OH  ) (0H)+2  c2  >  tvans- (en) 2Co (0H2 ) (0H)+2 

kt2 

Kinetic  analysis  of  this  system  (given  in  Appendix  B)  gives 
the  pseudo-f irst-order  rate  coefficient  for  the  approach 
to  equilibrium  as 


,  k  ,  (H  )  +  k  0K  0  k,  ,  (H  )  +  k,  0K  ^  ,,  ^ « 

k  =  cl  c2  a3  +  tl  t2  a5  (1.33) 

exp  - - 


Ka3  +  (H+) 


Ka5  +  (H+) 


2  2  2  6 

The  previously  determined  values  '  for  the 
rate  and  equilibrium  constants  in  this  system  are 


summarized  in  Table  5.  It  is  clear  from  these  values  that 


Table  5 
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Rate  and  Equilibrium  Constants  for  aquo  Cobalt  (III)  Species 


k  * 
cl 

1.3 

in-7  "I 
x  10  s 

k  b 

Ktl 

c\ 

• 

00 

i — 1 

i 

o 

ko 

1 

o 

1 — 1 

X 

K 

a3 

r- 

• 

00 

x  10  7  M 

K  ,C 
a5 

3.6 

nr-t 

<c-i 

LD 

1 

o 

i — ! 

X 

k  k  b 

c2 '  t2 

-2 

in"3  “1 

x  10  s 

2  6  *“6 

(a)  Obtained  from  a  value  of  (k^,  +  k  .)=  6.8  x  10  s 

tl  cl 


and  a  value  of  k^/k  ^  =  50  appropriate  to  perchlorate 

30 

media,  as  deduced  from  data  of  Henney. 

2  6 

(b)  Value  at  25°  and  low  ionic  strength  in  NaClO^  media. 

(c)  Values  reported  at  25°  and  I  =  1.0  M  (NaNO^).^ 

(d)  Estimated  from  k  =  8.0  x  10  ^s  ^  at  pH  -  3.8^ 

v3  X.  j-' 

and  k  „/k,0  =  1.25.^ 
c2  t2 
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under  the  conditions  of  pH  5.8  to  6.6,  it  will  be  true 
that  K 


a5 


>>  (H+>'  kt2Ka5  >>  ktl(H+)'  and  kc2Ka3  >>  kcl (H+) • 


Therefore  equation  (1.33)  simplifies  to  give 


k  _ 
c2  a3 


exp 


Ka3+  (H  > 


+.  +  kt2 


(kc2+  kt2)Ka3  +  kt2(ti  > 

Ka3  +  (H+) 


(1.34) 


This  equation  has  the  same  form  as  the  experimental  rate 

-7 

law,  equation  (1.32).  With  K  _  =  8.7  x  10  M,  values  of 

a  j 

k  =  1.6  x  10  ^  and  k,0  =  3.4  x  10  ^s  ^  are 
c2  t2 

determined  from  the  slope  and  the  intercept  of  the  plot 

of  k  versus  K  _/ (K  .+  (H+) )  shown  in  Figure  6.  These 
exp  a j  a j 

values  are  in  good  agreement  with  recent  literature 

values  of  k  =  1  x  10  ^s  ^and  k,„  =  4  x  10  ^s  ‘*'(25°, 
c2  t2 


I  =  1.0  M,  NaCl04) . 


28 


The  slow  reaction  following  decarboxylation 

.  .  -2  -1 

has  an  observed  rate  coefficient  of  <  10  s  at  pH  5.8. 


Comparison  with  the  data  in  Table  4  supports  the 
suggestion  that  the  slow  reaction  is  cis-trans 
isomerization  of  the  decarboxylation  products. 


exp 
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01  0.3  0.5  0.7 

Ka3/lKa3  +  <H+)I 


Figure  6.  A  plot  of  versus  K^/  ^a3  +  )  for  the 

+  2 

isomerization  of  eis-  (en)  2<3o  (0H2)  (OH)  .  I  = 

1.0  M(LiCl04).  T=  25°.  Slope  =  1.6  x  10_3  s'"1, 

-3  -1 

Intercept  =  3.4  x  10  s 


. 
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Carboxylation  and  Chelate  Ring-Closure 

The  reaction  of  intermediate  rate  between 

decarboxylation  and  isomerization  was  assigned  earlier  as 

chelate  ring-closure  to  form  (en^CoCO^*.  Since  this 

reaction  was  itself  of  considerable  interest,  an  independent 

study  of  its  rate  was  undertaken.  Although  in  principle 

this  reaction  could  be  studied  by  starting  with 

(en) 2Co(0H) (CO^) ,  the  results  will  always  be  obscured  by 

the  decarboxylation.  Therefore  a  stopped-flow  kinetic 

study  of  the  carboxylation  and  subsequent  ring-closure 

was  made  by  observing  the  transmittance  changes  in  a 

+  3 

solution  initially  containing  ais- {e.n)  ^Co  {0^1^)  ^  and  C00. 

Both  carboxylation  and  chelate  ring-closure  can  be 

studied  conveniently  at  320  nm,  since  there  is  an  initial 

decrease  in  transmittance  followed  by  a  slower  increase 

to  a  final  value,  as  shown  in  Figure  7.  The  relatively 

large  transmittance  changes  and  large  rate  difference 

make  it  possible  to  study  both  reactions  under  the  same 

experimental  conditions. 

The  reactions  were  studied  by  the  two  methods 

described  in  the  experimental  section.  In  the  first  method, 

solutions  of  sodium  bicarbonate  of  known  concentration 

+  3 

were  mixed  with  acidic  solutions  of  ois- {e.r\)  ^Co  {OH ^  , 

to  give  a  final  pH  in  the  region  7.5  to  8.5.  The  free  CC>2 
concentrations  in  these  solutions  were  determined  from  the 


TRANSMITTANCE  %  TRANSMITTANCE 
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Figure  7.  Transmittance  changes  observed  at  320  nm  upon 


rapid  neutralization  of  a  solution  of  C02 

+  3 

and  cf s- (en) 2Co  (OH2 ) 2  to  pH  6.52. 

[Total  Co  ( III )  ]  =  2.00  x  10_3M,  [CC>2]  =  2.1 

x  10"3M.  1=  1.0  M(LiC104).  T=  26°.  [Buffer]^ 

0.20  M  PIPES,  (a)  carboxylation ,  (b)  ring-closure. 
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known  values  for  the  equilibrium  constants  under  these 
conditions  of  temperature  and  ionic  strength.  In  all  cases, 
[CC^]  >>  [cis-{e n) ^Co (OH^) 2+^l  •  T^e  method  has  the 

disadvantage  that  the  calculated  CC>2  concentration  depends 
on  several  equilibrium  constants. 

In  the  second  method,  an  acidic  solution  (pH-3) 

of  eis- (en)  2C0  (OH2 )  2  and  Na3C03  was  mixed  with  buffer  in 

the  stopped-flow  system.  This  method  relies  on  the  fact 

that,  before  mixing,  all  the  carbonate  in  solution  is 

present  as  CC>2 ,  and,  as  long  as  the  pH  after  mixing  is 

not  too  high,  the  CC>2  undergoes  hydration  quite  slowly 

relative  to  the  carboxylation  of  the  cobalt (III)  species. 

The  rate  constants  k_^  and  k^...  for  the  hydration  reactions 

LO  2  OH 

(1.35)  and  (1.36)  have  been  reported  by  a  number  of 
workers^ ' ^ ,  with  values  of  0.024  s  ^  and  1.06  x  10^  M  ^ 
s  respectively  at  26°  and  an  ionic  strength  of  1.0  M 
(NaClO. )  . 

4  k 

KCO  9 

CC>2  +  H20  ■>  H2C03  (1.35) 

-  kOH 

CC>2  +  OH  - HC03  (1.36) 

The  pseudo-f irst-order  rate  coefficients  for 
the  carboxylation  reaction  are  given  in  Table  6.  Because 
of  the  large  number  of  species  present  in  these  reaction 
solutions,  it  does  not  seem  meaningful  to  quote  an  empirical 
rate  law  based  on  the  results  in  Table  6.  However,  it 
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Table  6 


Observed  Rate  Coefficients  for  Carboxylation 


pH 

103  [C0o]  , M  k  s  1 

2  exp 

No.  of  Runs 

Conditions 

5.42 

3.00 

0. 908± . 09 

12 

b 

5.65 

3 .00 

0. 990± . 07 

10 

b 

5.72 

3.00 

0.848+ .06 

10 

b 

5.85 

3.00 

1.05  ± . 06 

10 

b 

6.13 

3.00 

1.24  ± . 09 

10 

b 

6.36 

3 . 00 

1.22  ± . 04 

10 

b 

6.52 

2.10 

0. 946± , 05 

10 

c 

6 . 55 

4.20 

1,80  ± .11 

10 

c 

6.70 

5.50 

2.29  ± . 13 

8 

c 

6.72 

6.60 

2.72  ± .16 

10 

c 

6.91 

6.00 

2.65  ±.18 

4 

c 

7.09 

6.00 

3.18  ± .24 

10 

c 

7.22 

6.60 

2.69  ± .10 

10 

c 

7.25 

3.00 

1.36  ± . 06 

10 

c 

7.87 

2.88 

0. 900±  .  04 

10 

d  (0.193) 

8.14 

3.00 

0. 757±  .05 

10 

d  (0.381) 

8.17 

3.8  7 

0.873+  .  04 

10 

d  (0.529) 

8.19 

1.85 

0. 552± . 02 

10 

d  (0.264) 

8.55 

1.51 

0.328+ . 01 

10 

d  (0.518) 
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Table  6  (Cont'd) 

(a)  Total  [Co(III)]  =  (1-3)  x  10  ^  M.  Temperature  26°, 
I  =  1. 0  M  (LiCl04) . 

(b)  Method  2.  0.10  M  MES  buffer. 

(c)  Method  2.  0.20  M  PIPES  buffer. 

(d)  Method  1.  Self-buffered  by  NaHCO^,  the  total  molar 
concentration  of  which  is  given  in  the  brackets. 
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should  be  noted  that  the  results  show  a  first-order 

dependence  on  [CC^l  .  Also,  a  comparison  of  the  observed 

rate  coefficients  for  decarboxylation  (see  Table  3)  with 

those  listed  in  Table  6  for  carboxylation  indicates  that 

the  system  under  consideration  can  be  best  described  at 

low  pH  as  one  which  is  approaching  equilibrium,  and  thus 

the  observed  pseudo-f irst-order  rate  coefficient  will 

contain  a  contribution  from  both  carboxylation  and 

decarboxylation.  Therefore,  a  reaction  scheme  which  will 

account  for  the  pH  and  C00  dependence  of  k  must  include 

the  reverse  reactions.  The  potential  complexity  of  the 

system  can  be  reduced  if  it  is  assumed  that  the  reaction 

.  .  31 

pathways  for  carboxylation  will  be  similar  to  that  found 

for  the  pentaammine  species.  In  the  latter  system,  the  pH 

dependence  of  the  rate  required  that  the  major  species 

+  2 

reacting  with  CO^  be  (NH^)^CoOH  .  Because  of  the  slow 
rate  of  hydration  of  CO^  already  mentioned,  very  little 
bicarbonate  or  carbonate  is  present  during  the 
carboxylation  reaction  when  the  acidification  method 
(Method  2)  is  used.  Therefore  the  carboxylation  results 
should  be  explained  by  the  reactions  shown  in  Scheme  5. 
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Scheme  5 

gis- (en)  2Co  (0H2)  2+3  -■  'a3  ■  cts-  (en)  2Co  (0H2)  (0H)+2  +  H+ 

i  K  <  ii 

eis- (en)  2Co  (0H2)  (OH)  &  *  cis~  (en)  2C°  (QH)  2  +  H 

cis- (en)  2Co  (0H2)  (OH) +2  +  C02  ■-  --~2— ►  cis- (en)  2Co  (0H2 )  (C02H)+2 

k2 

+  k-2'  + 
cis- (en) 2Co  (OH) 2  +  CO,,-- .  »  cis- (en) 2Co (OH2 )  (C03 ) 

k  1 

K2 

+  2  K  1 

gis- (en)  2Co  (0H2)  (C03H)  -  a  >•  gis- (en)  2Co(OH2)  (COJ  +  H 

+  K  2 

cis-  (en)  2Co  (0H2)  (COJ  - — »  >  cis- (en)  2Co  (OH)  (C03  )  +  H 


From  the  kinetic  analysis  of  this  mechanism, 
given  in  Appendix  B,  the  pseudo-first-order  rate  coefficient 
is  given  by 


k 

exp 


k-2Ka3(H  }  +  k-2 ' Ka3Ka4 


(H+)2  +  Ka3(H+)  +  Ka3Ka4 


[co2] 


k2(H+)2  +  k2’Kal(H+) 


(H+)2  +  Kal(H+)  +  KalKa2 


(1.37) 


The  results  in  Table  6  were  fitted  to  an  equation 

of  the  form  of  (1.37),  using  a  non-linear  least-squares 

24 

computer  program.  Since  there  are  eight  independent 
parameters  in  equation  (1.37),  a  meaningful  fit  results 
only  when  some  of  the  parameters  are  fixed.  The  constants 
k„  and  K  ,  can  be  fixed  at  the  values  previously 
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determined  in  the  decarboxylation  study.  In  addition,  K 

a  J 

22 

and  K_^  have  been  measured  previously,  and  has  been 

determined  by  the  ring-closure  study,  discussed  later  in 

this  section.  Several  different  fits  were  obtained  by 

allowing  different  parameters  to  vary,  and  a  summary  of 

the  results  of  these  fits  is  given  in  Table  7.  Although 

K  0  and  K  .  are  not  well-defined  by  the  data-f itting ,  the 

value  of  is  not  very  sensitive  to  either  of  these 

parameters,  and  thus  k_^  is  assigned  a  value  of  (5.2±0.5)  x 
2  -1  -1 

10  M  s  The  rate  coefficients  calculated  from  the 
"best-fit"  parameters  (Fit  A  in  Table  7) ,  using  equation 
(1.38),  are  compared  to  the  observed  values  in  Table  8. 

The  values  of  k_2*  and  k^'  were  not  distinguished 
from  zero  in  any  of  the  computer  fits.  Therefore,  the 
results  being  discussed  here  require  that 


k  0K  _  (H+)  >>  k  0'K  _K  . 

-2  a3  -2  a3  a4 


(1.38) 


-1  -1 

from  which  the  upper  limit  of  k_2 '  <  50  M  s  is 


determined . 
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Table  7 

A  Summary  of  the  Results  of  Computer  Fits  of  the 

Carboxylation  Data 


t-,  .  ^a 

Fit 

Parameter 

A 

B 

C 

D  E 

10  2k_2  r 

M-1  -1 
M  s 

5.20±. 55 

5. 20±. 54 

5. 17± . 38 

5. 41± . 61  5. 10± .68 

4 

10  k_2' , 

-1  -1 

M  s 

0 

0 

0. 2±105 

0  0 

4 

10  k2' , 

-1 

s 

10_4±  20 

0 

0 

0  10±30 

106  Kal, 

M 

2.20 

2 . 4  8  ±  2 

2.20 

2.20  2.20 

i°8  Ka2, 

M 

0.092 

3. 44±80 

0.092 

0.092  2.50 

107  Ka3, 

M 

8. 57±4 

8.71 

7. 85±4 

7 . 56±4  8.71 

iO9  Ka4, 

M 

6.46 

6.46 

6.46 

8 . 4  5±  4  7.08±4 

S.E.b 

0.161 

0.162 

0.163 

0.156  0.168 

(a)  The 

value 

of  k2  was 

fixed  at 

1.11  s"1 

throughout.  In 

each  fit,  2  or  3  of  the  parameters  were  allowed  to 
vary,  and  its  "best-fit"  value  is  listed  along  with 
an  estimate  of  its  95%  confidence  limits.  The  parameters 
without  error  limits  were  fixed  at  the  values  given. 

(b)  Minimization  of  the  absolute  residuals  was  used,  from 
which  this  estimate  of  the  standard  error  of  the  fit 


is  derived. 
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Table  8 

A  Comparison  of  Observed  and  Calculated  Rate  Coefficients 

for  Carboxylation 


PH 

k  s'1 

exp 

k  -|  n  S  1 

cald 

5.42 

0.908 

0.990 

5.65 

0.990 

0.991 

5.72 

0.848 

0.998 

5.85 

1.05 

1.02 

6.13 

1.24 

1.11 

6.36 

1.22 

1.21 

6.52 

0.946 

0.929 

6.55 

1.80 

1.74 

6.70 

2.29 

2.35 

6.72 

2.72 

2.82 

6.91 

2.65 

2.67 

7.09 

3.18 

2.70 

7.22 

2.69 

2.94 

7.25 

1.36 

1.35 

7.87 

0.900 

1.01 

8 . 14 

0.757 

0.823 

8.17 

0.873 

1.03 

8.19 

0.552 

0.481 

8.55 

0.328 

0.237 

' 
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Chelate  Ring-Closure 

The  slower  reaction  observed  when  solutions 
of  (en)  ^Co  (OH^ )  2+^  and  CC>2  are  mixed  has  been  attributed 
to  chelate  ring-closure  for  two  reasons.  First  of  all, 
the  direction  of  the  spectral  change  is  consistent  with 
ring-closure,  and  secondly,  the  reaction  rate  is 
independent  of  the  C00  concentration.  The  latter 
observation  rules  out  formation  of  possible  dicarbonato 
species.  The  values  of  the  pseudo-f irst-order  rate 
coefficients  (k  )  are  given  in  Table  9,  and  are  shown 
plotted  versus  pH  in  Figure  8.  The  results  can  be 
accounted  for  by  the  reactions  in  the  following  scheme. 

Scheme  6 

*  2  K  -j  * 

ois- (en)  2Co  (OHJ  (CQ3H)  ^  -  ►  cis- (en)  2Co  (0H2 )  (C03 )  +  H 

K  9  , 
cis- (en)  2Co(OH2)  (C03)'  a  ■■  ■  >■  cis-(en)2Co(OH)  (COJ  +H 

k3 

cis- (en)  2^0  (OH2)  (CO^)  4  - — - ►  cis- (e n^CoCO^"1"  +  H2O 

k3 '  + 

cis- (en) 2Co (OH)  (C03)  — — - ►  cis- (en) 2CoC03  +  OH 

If  the  total  reactant  concentration  is  given  as 
T  =  [cis-(en)2Co(OH2) (C03H)42]  +  [cis- (en) 2Co (0H2) (C03) +] 


+  [cis- (en) 2Co (OH) (C03) ] 


(1.39) 


exp 
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Figure  8. 


The  pH  dependence  of  k  for  carboxylate 
^  ^  exp  J 

chelate  ring-closure.  1=  1.0  M(LiClO^). 

T=  26°.  The  solid  line  was  determined  using 
equation  (1.37)  with  the  parameter  values 
given  in  column  C  of  Table  10. 
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Table  9 

Observed  Rate  Coefficients  for  Chelate  Ring-Closure 


PH 

103  [C021  ,M 

102k  s  1 

exp 

No.  of  Runs 

Conditions 

5.72 

3.00 

3 . 4±  .  4 

8 

b 

(MES) 

5.8  5 

3.00 

4.1±.4 

8 

b 

(MES) 

6.13 

3.00 

5.01.4 

6 

b 

(MES) 

6.20 

7.0 

4.41.4 

10 

c 

6.33 

4.00 

4.71.3 

10 

c 

6.36 

3.00 

5.31.5 

4 

b 

(MES) 

6.38 

6.00 

4.71.2 

10 

c 

6.48 

9.0 

4.41.3 

10 

c 

6.55 

4.20 

4.81.4 

10 

b 

(PIPES) 

6.65 

3.00 

5.11.4 

10 

b 

(PIPES) 

6.70 

5.50 

5.11.4 

8 

b 

(PIPES) 

6.70 

18.5 

4.51.2 

10 

d 

(0.100) 

6.72 

6.60 

5.21.3 

8 

b 

(PIPES) 

6.72 

11 

4.51.5 

2 

b 

(PIPES) 

7.22 

6.60 

4.41.4 

8 

b 

(PIPES) 

7.25 

3.00 

4.71.3 

8 

b 

(PIPES) 

7.54 

3.05 

3.71.3 

6 

d 

(0.097) 

7.87 

2.88 

2.91.3 

6 

d 

(0.193) 

8.14 

3.00 

1.8 

1 

d 

(0.381) 

■ 
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Table  9  (Cont'd) 


pH 

103 [C02] , M 

102k  s  1 

exp 

No.  of  Runs 

Conditions' 

8.17 

3.87 

1.3 

1 

d  (0.529) 

8.19 

1.85 

1.7 

1 

d  (0.264) 

8.56 

1.51 

l.li.l 

4 

d  (0.518) 

8.71 

1.94 

1 . 7±  .  1 

6 

d  (0.100) 

(a)  Total  [Co (III)]  =  (1-3)  x  10  ^  M.  Temperature  26.0°  , 


I  =  1. 0M  (LiC104) . 

(b)  Method  2.  0.20  M  buffer  of  type  indicated  in  the  brackets. 

(c)  Method  1.  0.05  M  MES  buffer  included.  [Na^CO^]  =  0.02  M. 

X  =  520  nm. 

(d)  Method  1.  Self-buffered  by  NaHCO^,  the  total  molar 
concentration  of  which  is  given  in  the  brackets. 
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and  since 


•d  T 
dt 


=  k 


exp 


(1.40) 


then 


‘exp 


k3Kal(H  )  +  k3’KalKa2 

<HV  +  Kal(H+)  +  KalKa2 


(1.41) 


A  summary  of  the  results  of  several  least-squares 

fits  of  the  data  in  Table  9  to  an  equation  of  the  form 

of  (1.41)  is  given  in  Table  10.  The  values  of  K  0  and  k_ 

are  fairly  independent  of  the  other  parameters,  with 

—8  —2—1 

values  of  (2.5±l)x  10  M  and  (6.0±0.4)x  10  s  respectively. 

When  the  value  of  K  n  was  fixed  at  the 

a2 

23  -9 

previously  reported  value  of  1.78  x  10  M,  a  very  poor 

fit  was  obtained.  Also,  when  the  ratio  K  0/k_  was  fixed 

_8  2_  6 
at  1.53  x  10  Ms,  as  given  by  Francis,  the  data  could 

not  be  fitted  to  give  reasonable  values  of  k-.,  K  ,  ,  or  K  0. 

The  value  of  k^ '  was  not  defined  by  the  computer 

fits,  suggesting  that  k_  (H+)  >  k  'K  0  in  the  pH  range  of 

j  J  cl  Z 

-4  -1 

this  study.  An  upper  limit  of  k^'  -  5  x  10  s  can  be 

““8  "I"  _ Q 

calculated  from  K0=  2.5x10  M  and  (H  )  >  2  x  10  M. 
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Table  10 

A  Summary  of  the  Results  of  Computer  Fits  of  the 

Ring-Closure  Data 


Parameter 

A 

Fita 

B 

C 

106 

Kal '  M 

3 . 4±2 

2.20 

2.20 

i-1 

o 

00 

Ka2,  H 

1 . 9±1 

0 . 178b 

2 . 5±1 

2 

“1 

10 

k3  s 

5  »  61± . 4 

5 . 02±  .  7 

6 . 01±  .  - 

1G3 

'  s  1 

6.1  ±  .  7 

-0 

7.6  ±7 

103 

S.E.C 

3.6 

12 

3.7 

(a)  The  ''best-fit"  value  is  listed  along  with  an  estimate 

of  its  95%  confidence  limits.  The  parameters  without 

error  limits  were  fixed  at  the  value  given. 

23 

(b)  Previous  literature  value  at  20°. 

(c)  Minimization  of  the  absolute  residuals  was  used,  from 
which  this  estimate  of  the  standard  error  of  the  fit 


is  derived. 


CONCLUSION 


Decarboxylation 

The  kinetic  parameters  measured  in  this  present 

+  2 

work  for  the  decarboxylation  of  ois-  (en)  ^Co  (Of^ )  (CO^H) 
are  compared  in  Table  11  with  the  analogous  parameters 

4-2 

for  the  species (NH, ) CM  C0oH  .  The  similarity  in  these 

3  D  3 

rate  constants  supports  the  choice  of  a  similar  mechanism, 

+2 

which  for  (NH^)CoCO^H  is  known  to  proceed  without  Co-0 

12 

bond-breaking . 

On  the  other  hand,  the  significant  difference 

in  the  activation  parameters  could  be  interpreted  as 

resulting  from  a  change  in  the  mechanism  of  CO^  loss  for 

+2 

the  species  czs- (en) ^Co (OH^ ) (CO^H)  .  However,  if  Co-0 

bond-breaking  is  occurring,  and  if  the  activation  is 

dissociative  in  nature,  then  one  must  explain  the  unusual 

lability  of  the  Co-0  bond  in  this  species  as  compared 

to  others  in  which  Co-0  bond-breaking  has  been  shown  to 

occur.  For  example,  one  of  the  most  rapid  reactions  in 

which  Co-0  bond-breaking  must  occur  is  the  exchange  of 

4-2 

oxygen  between  (en)2Co(OH2) (OH)  and  water.  This  reaction 

_  3  _  2_  2  6 

has  a  rate  coefficient  of  about  10  s  at  25°, 

compared  to  values  of  4  s  ^  for  the  decarboxylation 

reaction.  It  thus  seems  most  probable  that  the 

+  2 

decarboxylation  of  cis- (en) 2C0 (OH2 ) (CO^H)  proceeds  via 
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C-0  bond-breaking. 

It  is  also  noted  from  Table  11  that  K  ,  (Scheme  2) 

al 

is  considerably  larger  than  the  analogous  values  for  the 
+  2 

(NH^)^M  CO^H  species.  This  could  result  from  the  increased 
stability  of  the  conjugate  base,  cis- (en) ^Co (OH^ ) (C0^)+, 
due  to  internal  H-bonding. 

In  an  earlier  calculation,  an  upper  limit  of 

-4  -1 

k 2'  <  3  x  10  s  was  determined  (Scheme  3).  From  the 

33 

results  of  Dasgupta  and  Harris,  an  analogous  value 

can  be  determined  for  the  complex  carbonatoaquo ( B r 3 ' >  6 ' ' ~ 

triaminotriethylamine)  cobalt  (III)  ,  (  (tren)  Co  (OH2)  (CO^)  +) 

from  detailed  balancing  of  a  system  of  reactions  analogous 

to  those  of  Scheme  3,  in  which  (tren)  is  substituted  for 

(en)^*  If  one  assumes  a  value  of  1.1  s  ^  for  the  rate 

3  3  —  6 

constant  analogous  to  k2 ,  and  uses  values  of  ~5  x  10  M, 
44  M  1s  \  170  M  ^s  and  1.25  x  10  for  the  constants 

corresponding  to  ,  k_2  •  ^-2*  an(^  Ka4  '  t*ien  a  va^ue 

-2  -1 

of  10  s  is  calculated  for  the  rate  constant  for 
decarboxylation  of  ( tren) Co (OH^ )  (CO^)+. 

As  mentioned  earlier,  two  tautomeric  forms  of 
the  carbonatoaquo  complex  are  possible,  as  shown  below. 


(N) 
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4C°\ 


oh2 

0C02 


(N) 


OH 

oco2h 
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II 
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The  small  values  of  estimated  for  decarboxylation 

of  the  (en)  2  an<^  (tren)  complexes,  as  compared  to  the 

_  i  +2  8 

value  of  1.25  s  for  decarboxylation  of  (NH^) ^CoCO^H  , 
suggests  that  Structure  I  predominates  over  Structure  II. 

Isomerization 

As  previously  mentioned,  the  kinetic  results 

reported  here  for  the  cis-tvans  isomerization  (kc2=1.6  x 
-3  -1  -3  -1 

10  s  ,  kt2=  3.4  x  10  s  )  are  in  good  agreement  with 

2  8  _  3  _ i 

values  from  another  recent  study,  which  gave  1  x  10  s 
-3-1 

and  4  x  10  s  respectively.  These  two  studies  yield 

+  2 

values  for  the  equilibrium  ratio  [cis- (en) ^Co (OI^) (OH)  ]/ 

+  2 

[ tvans- (en) ^Co (OI^ )  (OH)  ]  of  2.1  and  4  compared  to 

22 

earlier  equilibrium  studies  which  gave  1.42  (25°,  1M  NaNO^) 

29  . 

and  1.25  (30°,  1M  NaClO^).  The  experimental  uncertainties 

in  both  kc2  and  k^  probably  make  the  equilibrium  ratios 

from  the  kinetic  method  least  accurate. 
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Carboxylation 

The  present  kinetic  results  for  the  carboxylation 

reactions  are  compared  in  Table  12  with  the  previous 

results  for  several  similar  species. 

The  rate  constant  reported  here  for  the  reaction 

+  2 

of  cis- (en)  2<2o  (OH^ )  (OH)  with  CO^  is  quite  similar  to 

the  values  reported  for  the  pentaammine  species,  for  which 

a  mechanism  involving  nucleophilic  attack  by  coordinated 

hydroxide  at  the  carbon  centre  of  the  CO^  molecule  has 

31 

been  proposed.  This  is  therefore  the  most  likely  path 

+  2 

for  cis- (en) 2Co (0H2) (OH)  ,  and  supports  the  earlier 

suggestion  that  the  reverse  process  occurs  without  Co-0 

bond-breaking,  since  both  the  forward  and  the  reverse 

reactions  must  involve  the  same  activated  complex. 

A  comparison  of  the  rate  constants  for  the 

+  2  + 

reactions  of  ( tren) Co (OH2 )  (OH)  and  (tren) Co (OH) ^  with 

CO2  (Table  12)  shows  that  the  latter  is  somewhat  more 

reactive  than  the  former.  This  is  in  contrast  with  the 

+  2  + 

results  for  cis- (en) 2C0 (OH2 )  (OH)  and  cis-  (en) 2C0  (OH) ^  , 
where  the  former  is  at  least  10  times  more  reactive  than 
the  latter  at  25°.  However, such  a  comparison  may  be 
misleading,  since  the  reactions  being  compared  could  have 
different  mechanisms,  as  suggested  by  the  large  differences 
in  the  activation  parameters.  Re-evaluation  of  the 


' 
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activation  parameters  of  the  (tren)  complexes  gave  values 

(Table  12)  which  were  more  consistent  with  the  reported 
33 

data,  but  which  still  differ  considerably  from  each 
other.  Thus  any  comparison  of  the  relative  reactivities 
is  temperature  dependent.  For  example,  the  rate  constants 
for  the  reactions  of  the  (tren)  complexes  are  found  by 
extrapolation  to  be  equal  at  10°. 

A  less  ambiguous  rate  comparison  can  be  made 
between  ois- (en) ^Co (OH^ )  (OH) and  (tren) Co (Of^  )  (OH) , 
which  shows  the  former  to  be  considerably  more  reactive 
than  the  latter.  A  comparison  of  the  basicities  of  these 
two  complexes,  as  determined  from  the  base  dissociation 
constants,  (K^)  shows  that  the  coordinated  hydroxide  in 
the  former  complex  is  more  basic  than  that  in  the  latter. 
(Table  12)  Thus  the  order  of  reactivity  of  these  two 
complexes  parallels  the  basicity  of  the  coordinated 
hydroxide.  This  is  consistent  with  a  mechanism  involving 
nucleophilic  attack  by  coordinated  OH  on  CO2 • 

A  comparison  of  the  dihydroxo  species  shows 
that  ois- (en) 2C0 (OH) 2+  is  at  least  3  times  less  reactive 
than  ( tren) Co (OH) 2+ /  but  this  does  not  correlate  with 
the  corresponding  values  of  shown  in  Table  12. 

A  comparison  can  also  be  made  between  reactions 


(1.35)  and  (1.42) . 


**,m  " :  #(§P 


. 
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H-OH  +  CO 


CO : 


2 


H-0C02H 


(1.35) 


(en)  2  (H20)  Co— OH+2+  C02  — — - — (en)  2  (H20)  Co-OC02H+2  (1.42) 

If  the  first-order  rate  constant  k  is  converted  into 

CO  2 

a  second-order  one  by  dividing  by  the  solvent  concentration 

_4 

(55  M) ,  to  obtain  8  xlO  M  s  , then  a  comparison  with  k_2 
2  -1  -1 

(5.2  x  10  M  s  )  is  possible.  Coordination  to  the  metal 
ion  instead  of  to  the  proton  increases  the  rate  constant 

g 

for  hydration  of  CC>2  by  a  factor  of  10  .  It  has  been 

2  8  31 

suggested  by  several  workers  '  that  this  effect  is 

analogous  to  the  catalysis  of  CC>2  hydration  by  the 

enzyme  carbonic  anhydrase,  in  which  a  hydroxide  ligand 

is  thought  to  be  coordinated  to  the  zinc  ion  at  the  active 

2 

site  at  biological  pH. 


In  a  recent  study  of  the  reaction  of  2,4-pentane- 

+  3 

dione(acac)  with  cis-  (en) 2Co (OH2 ) 2  and  its  conjugate 

28  —2—1—1 
bases,  Buckingham  et  al .  report  values  of  5  x  10  M's 

-2  -1  -1 

and  3  x  10  M  s'  (25°,  1M  NaClC>4)  for  k12  and  k32  as 


given  in  reactions  (1.43)  and  (1.44)  below. 

k. 


eis- (en) 2Co  (OH2 )  (OH) +2  +  acac 


‘12 


cis- (en) 2Co (acac) +2  +  2  H20  (1.43) 


c?is- (en)  2Co  (OH)  2  +  acac 


■-2— »  ets-(en)2Co(acac)+2 


+  H20  +  OH 


(1.44) 
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These  authors  also  showed  that  these  reactions  proceed 

without  Co-0  bond-breaking.  They  prefer  a  mechanism  in 

which  the  overall  rate  of  acac  addition  is  controlled 

by  initial  bond  formation,  and  thus  k-^  and  k^  refer 

to  initial  nucleophilic  attack  by  coordinated  hydroxide 

at  the  carbonyl  carbon  centre  of  acac.  A  comparison  of 

k^  an<3  k^2  with  the  rate  constants  k_2  and  k_2*  (Scheme  5) 

shows  that  acac  is  much  less  reactive  than  CO2.  It  is  of 

interest  to  note,  however,  that  the  ratio  of  the  rate 

constants  for  the  reactions  of  CC>2  and  acac  with 

+  2  4  . 

(en)  2C0  (OH2 )  (OH)  of  -10  is  similar  to  the  analogous 

ratio  for  the  reactions  of  these  ligands  with  OH  ,  with 

rate  constants  of  ~1.6  x  10^  M  ^s  ^  and  0.5  M  ^s  ^  at 
14  15 

o 
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Chelate  Ring-Closure 

2  3 

A  previous  literature  value  of  the  observed 
rate  coefficient  for  chelate  ring-closure  of  -0.011  s  ^ 

(pH  8.7,  20°)  agrees  with  the  data  in  Table  9.  A  value  of 

k^K  /  K  0  =  1.11  x  10"6  M"1s“1(26°,  1M  NaClO.)  was 

o  W  3  Z  4 

17 

previously  reported  by  Francis  and  Jordan,  from  which 

K  0  can  be  calculated  to  be  9.7  x  10  ^  M,  using  the  value 

of  k^  reported  here  (0.060  s  and  Kw  =  1.79  x  10  ^ 

This  value  of  K  .  agrees  fairly  well  with  the  previously 

a  z 

23  -9 

reported  value  of  1.78  x  10  M(20°).  Both  these  values 

__  g 

disagree  considerably  from  the  value  of  2.5  x  10  M 

determined  in  the  kinetic  study.  As  mentioned  earlier,  the 

kinetic  data  are  not  consistent  with  either  of  the  smaller 

values  of  K  0.  However,  it  should  be  pointed  out  that  the 

value  of  K  „  so  determined  is  almost  solely  dependent  on 
a  z 

the  last  6  data  points,  which  were  obtained  under  conditions 

in  which  a  large  excess  of  both  HCO^  and  CO^  were  present. 

Under  these  conditions,  the  formation  of  significant 

amounts  of  ion-pair  complexes  of  ais- (en) ^Co (OH^ )  (C0^)  + 

with  HCO-j  and  CO^  is  likely.  Such  ion-pair  complexes 

might  be  considerably  less  reactive  than  "free" 

cis- (en)  2C0  (OH2 )  (CO^)"*",  and  this  could  explain  the  decrease 

in  kg  previously  accounted  for  by  the  larger  value  of 

K  ~  Because  of  this  uncertainty  in  the  k 
a2.  J  exp 


values  at 
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pH  >  7.2,  the  upper  limit  previously  calculated  for  k^' 
is  probably  not  meaningful. 

The  rate  constant  for  ring-closure  of 
ois- (en) ^Co  (0H2)  (CO^) +  (k^)  is  compared  with  the  analogous 
constants  for  several  other  similar  complexes  in  Table  12. 

Table  12 


Rate  Constants  for  Ring-Closure  of  Cobalt (III)  Complexes 


Complex 

2  -1 

10  k,  s 

Reference 

ois-  (en)  2Co  (°H2 )  (CO^)  + 

6.0 

this  work 

<?-£s- (tren)  Co  (OH2 )  (CO^)  + 

5.0 

(33 ) b 

ois-  (en)  2Co  (OH)  (PC>4H) 

0.083 

(37)° 

(en)2Co(OH2)  (C^)* 

1 — 1 

0 

• 

0 

i 

(15b) d 

(a)  T  =  26°,  I  =  1.0  M(LiCl04). 

(b)  T  =  25°,  I  =  0.5  M(NaCl). 

(c)  T  =  22.5°,  I  =  1.0  M(NaCl04). 

(d)  Extrapolated  to  25°,  I  =  0.37  M(NaNO^). 


The  values  for  the  two  carbonato  complexes  in  Table  12 
are  very  similar  to  each  other,  suggesting  that  these 
species  undergo  ring-closure  by  a  similar  mechanism. 

If  the  mechanism  of  chelate  ring— closure 
involves  dissociative  water  loss,  then  the  rate  constant 
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for  the  process  should  be  similar  to  that  for  water  exchange 

on  the  reactant  species.  Unfortunately,  such  values  are 

-4  -1 

not  available,  but  a  value  of  9.2  x  10  s  (25°)  has  been 
2  6 

reported  for  the  exchange  of  oxygen  between  H^O  and 

+  2 

ets- (en) 2Co (OH2 ) (OH)  .  This  value  is  about  50  times  smaller 

than  the  ring-closure  rate  constants  of  the  (en)2  and 

(tren)  complexes,  suggesting  that  chelate  ring-closure  in 

these  species  proceeds  by  a  different  mechanism,  or 

that  the  release  of  water  from  ois- (N) ^Co  (0H2)  (C0^)  + 

species  is  considerably  more  facile  than  from 

+  2 

cis- (en) 2C0 (OH^ )  (OH)  .  If  the  latter  were  the  case,  it 

implies  that  the  carbonate  ligand  has  an  unusually  large 

cis  labilizing  effect. 

In  contrast  to  the  carbonato  complexes,  the 

rate  constant  for  ring-closure  of  ci s- (en) 2Co (OH)  (PO^H) 

to  give  (en)2CoP04  is  quite  similar  to  that  for  oxygen 

+  2 

exchange  on  cis- (en) 2Co (0H2 ) (OH)  .  Therefore  for  this 

species  a  dissociative  ring-closure  mechanism  seems 

most  probable.  The  monodentate  phosphato  complex  in 

this  study  was  formed  from  the  reaction  of  (en)2Co(OH2)  (OH) 

33 

with  phosphate,  and  it  has  been  suggested  that  the 

rate  of  isomerization  of  trans-  (en) 2Co (OH)  (P04H) 

rather  than  ring-closure  of  ois- (en) 2Co (OH)  (P04H)  may 

control  the  observed  reaction  rate.  However,  this 

possibility  is  clearly  eliminated  by  the  results  of 

29 , 37 


Lincoln  and  Stranks. 


The  observed  rate  constant  for  the  formation 
of  (en)2CoC20^  from  (en)  200(0^)  has  a  magnitude 

which  is  consistent  with  rate-limiting  dissociative 
water  loss.  However,  the  possibility  that  the  observed 
rate  is  controlled  by  the  isomerization  of  an 
intermediate  trans  oxalato  species  is  not  excluded  by 
the  results  in  this  case. 

These  comparisons  suggest  that  the  carbonato 
complexes  may  undergo  ring-closure  without  Co-0  bond¬ 
breaking.  Oxygen (18)  labelling  experiments  have  shown 
that  Co-0  bond-breaking  occurs  in  the  acid  and  base- 
catalysed  ring-opening  of  (en^CoCO^,  but  the 
uncatalyzed  path,  reaction  (1.45),  has  not  been  studied. 

(en)2CoC03+  +  H20  <  =£  (en)2Co(OH2)  (C03)+ 

k3 


(1. 


CHAPTER  II 


INTRODUCTION 

Numerous  kinetic  and  equilibrium  studies  of  the 

reactions  of  first  row  transition  metal  ions  with  ligands 

have  been  reported  in  recent  years.  The  results  of  these 

studies  have  been  reviewed , ^ ^  ^ ^ ^ ^ ^  and  further 

detailed  discussion  will  not  be  given  here.  Much  of  the 

kinetic  data  has  been  interpreted  using  the  SNlIP 

4  3 

mechanism,  as  formulated  by  Eigen  and  Wilkins.  This 
mechanism  can  be  described  by  reactions  (2.1)  and  (2.2), 

K 

M(S)nm  +  Lq  «.  • :  -  |m  ( S )  n  •  ljm+q  (2.1) 

ion  pair 

|M(S)n  *  l |m+q  _ — e?  »  M(S) n_1 (L)m+q  +  S  (2.2) 

where  M(S)nm  refers  to  the  solvated  metal  ion  of  charge  m, 

Lq  refers  to  the  ligand  of  charge  q,  and  S  refers  to  the 

solvent  molecule.  Complex  formation  in  solution  is 

considered  to  proceed  in  two  steps,  the  first  of  which  is 

the  rapid  formation  of  an  ion  pair  or  outer  sphere  complex. 

The  second  step  involves  the  replacement  of  a  solvent 

molecule  in  the  first  or  inner  coordination  sphere  with  the 

ligand  molecule.  This  second  step  is  dissociative  in 

character,  and  thus  the  rate  constant  k  should  be  similar 

ex 

to  that  for  solvent  exchange  on  that  metal  ion. 

The  ion  pair  formation  constant,  Kq  ,  is  a 
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function  of  several  variables,  of  which  the  charges  on 
the  metal  and  ligand  species  are  two  of  the  most  important. 
The  rates  of  formation  and  dissociation  of  the  ion  pair 
complex  are  determined  by  the  rates  at  which  the  species 
can  diffuse  together  or  apart,  and,  since  these  processes 
are  very  rapid,  equilibrium  is  always  maintained.  For 
low  ligand  concentrations,  i.e.  when  1>>  Kq[L],  the  rate 
law  derived  from  (2.1)  and  (2.2)  is  -d[L]/dt=  K  k  [M ] [ L ] , 

O  0  X 

which  is  the  same  as  that  observed  experimentally  for 

3  9 

the  reactions  of  a  wide  range  of  metal  ions  and  ligands. 

The  evidence  in  support  of  the  S^lIP  mechanism 
is  of  two  kinds,  the  first  of  which  comes  from  kinetic 
studies.  For  a  particular  ligand  reacting  with  a  series 
of  metal  ions,  the  observed  rate  constant  is  usually 
similar  to  the  rate  constant  for  solvent  exchange  on 
that  metal  ion.  This  is  predicted  by  the  S^lIP  mechanism 
for  systems  in  which  the  value  of  Kq  is  close  to  unity. 

The  rates  of  reaction  of  a  metal  ion  with  a  series  of 
unidentate  ligands  are  insensitive  to  the  size  or  nature 
of  the  ligand,  but  are  very  dependent  on  the  charge  on 
the  ligand.  This  is  consistent  with  dissociative 
activation  along  with  a  prior  step  to  account  for  the 
effect  of  the  charge. 

The  second  kind  of  evidence  concerns  the 
existence  of  the  outer  sphere  complex.  Before  a  reaction 
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can  occur,  the  reactants  must  be  brought  together.  The 

outer  sphere  complex  satisfies  this  requirement.  In 

inert  systems,  such  as  those  of  cobalt  (III)  complexes, 

rapid  spectral  changes  often  occur  upon  addition  of 
44 

ligand,  which  suggest  some  association  of  the  reactants 

prior  to  the  substitution  process.  Other  measurements  on 

45 

more  labile  systems  by  ultrasonic  absorption  lead  to 

the  same  conclusion.  While  these  results  give  fairly 

conclusive  evidence  of  the  existence  of  outer  sphere 

complexes,  they  do  not  prove  that  inner  sphere  substitution 

proceeds  through  such  outer  sphere  complexes.  An  equation 

46  47 

has  been  derived  '  from  theory  which  allows  calculation 

of  the  value  of  K  ,  and  the  calculated  and  measured 

o 

values  are  in  fair  agreement  for  systems  where  a 

measurement  of  K  has  been  made. 

o 

Much  of  the  kinetic  evidence  in  support  of  the 

Eigen  mechanism  has  come  from  studies  with  nickel  (II) 

39 

ion.  This  is  mainly  because  the  reactions  with  nickel  (II) 
are  generally  slower  than  those  with  other  +2  metal 
ions,  and  are  therefore  easier  to  study.  A  wider  range 
of  reaction  conditions  is  usually  available,  and  the 
choice  of  ligands  is  thus  less  restricted.  The  nickel  (II) 
ion  is  also  convenient  for  study  because  it  is  not 
subject  to  oxidation,  and  hydrolysis  in  aqueous  solution 
is  not  a  problem,  at  least  below  pH  7. 
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In  this  study,  the  validity  of  the  Eigen 

mechanism  will  be  accepted.  The  purpose  here  will  be  to 

exploit  the  previous  knowledge  and  conclusions  to 

investigate  the  order  of  events  which  occurs  when  a 

multidentate  ligand  reacts  with  a  metal  ion  to  form  a 

chelated  complex.  For  the  simplest  case  of  a  bidentate 

ligand,  there  already  have  been  a  number  of  studies. ^ 

52 

Unfortunately,  it  has  been  shown  recently  that  much  of 
the  previous  work  was  interpreted  incorrectly.  For 
example,  in  the  case  of  glycine,  the  mechanism  for 
complexation  with  a  metal  ion,  M,  has  been  interpreted 
by  Cassatt  and  Wilkins'^  using  the  reactions  in  Scheme  7. 


Scheme  7 


12 


M  +  L-LH 


M-L-LH 


K 


14 


21 


H 


’23 


‘43 


k32  'H 


M  +  L-L 


M-L-L 


k34 


35  ^L' 

- ► 


L-LH  represents  the  glycine  zwitterion,  02CCH2NH^+  and 
L-L  represents  the  anion,  O2CCH2NH2  •  Throughout  this 
discussion,  it  is  assumed  that  the  rate  constants  k-^ 
and  k^^  are  really  appropriate  products  of  Kq  and  k^  . 
If  the  steady-state  approximation  is  made  for  the 


. 


69 


monodentate  species  M-L-LH  and  M-L-L,  and  if  the 
equilibrium  governed  by  is  considered  rapid,  then 

the  rate  law  is 


Rate  =  kobs[M1  Lt 


{ 


k12k35k23(H  )  +  (k21  +  k23) k35k43K14 } Lt 

(K14+(H  ))j(k2ik32^H  )  +  (k35+k34^  (k23+k21) } 


where 


Lfc  =  (  [L-L]  +  [L-LH] ) 


If  k 22  >  k 21  r  and  for  [M]  >  ,  equation  (2.3)  can 

be  reduced  and  rearranged  to  give 


(2.3) 


(2.4) 


kobs(K14+(H+>> 

(H+) 


k12k23k35  +  k43k23k35K14 (H  } 

k2ik32(H  )  +  k23^k35+k34^ 


(2.5) 


In  order  to  obtain  the  same  form  of  equation 

as  that  observed  experimentally,  a  further  approximation 

50 

is  necessary.  Cassatt  and  Wilkins  assumed  that 


k21k32  (H  )  <  k23(k35+k34) 


(2.6) 


and  if  k_,_  >  k_.  ,  then  equation  (2.5)  reduces  to 

jb  3  4 


kobs(K14+(H+>>  1  k43K14 

- -  =  ki2  +  ~ 


(2.7) 


(H  ) 


(H'  ) 


For  a  large  number  of  amino  acids  and  other  bidentate 
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ligands,  a  plot  of  the  experimental  function  on  the  left- 
hand  side  of  equation  (2.7)  versus  (H+)  1  yields  a 

straight  line.  The  intercepts  of  such  plots  are  generally 
close  to  zero,  and  this  implies  that  k-^  ~  0*  This  result 
has  been  interpreted^  as  proof  that  the  zwitterion  form 
of  the  amino  acid  is  unreactive. 

52 

However,  a  recent  reappraisal  of  the 
approximation  in  equation  (2.6)  suggested  that  the 
inequality  should  be  reversed.  For  an  amino  acid,  the 

-9 

acid  dissociation  constant  is  usually  less  than  10  M. 

The  acid  dissociation  constant  for  the  monodentate  complex 

M-L-LH,  defined  as  K ^  =  ^23/^32  ,  is  expected  to  be  less 

-9  53 

than  3  x  10  M,  which  is  the  value  reported  for  the 

proton  dissociation  constant  of  coordinated  glycine  in 

(NH0 )  £-CoC>2CCH2NH3+^  .  Common  experimental  conditions 

+  -7  54 

require  that  (H  )  >10  M.  If  k2^  is  given  a  value  of 

4-1  4-1 

10  s  ,  and  (^35+^34)  <  5  x  10  s  ,  as  expected  if  k^ 

is  similar  to  k„,  and  if  koc  is  similar  to 

Z  ±  J  D 

55  +2 

the  rate  constant  for  water  exchange  on  NitC^)^  , 
then  it  is  seen  that  (H+)  >  K23 ^k35+k34 ^ ’  with  this 
approximation  equation  (2.5)  reduces  to 


kobs(K14+(H+>> 

(H+) 


k12k35 

k2i  (H  * 


(2.8) 
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This  equation  also  predicts  a  linear  plot  of 

kQbs  (Ki4+ (H+) ) / (H+)  versus  (H+)  ^ ,  with  an  intercept  of 

zero.  As  mentioned  earlier,  this  is  the  result  found 

experimentally.  This  equation  does  not  require  that  the 

zwitterion  be  unreactive,  but  instead  suggests  that  the 

process  of  chelate  ring-closure  is  rate  determining  for 

this  type  of  reaction  under  the  conditions  specified. 

The  present  work  will  be  concerned  with  the 

complexing  of  the  amino  acid  histidine,  and  several  of 

its  derivatives.  Histidine  is  an  interesting  ligand  from 

several  points  of  view.  Like  many  amino  acids,  it  has 

an  asymmetric  carbon  centre,  and  thus  exists  in  both  D- 

and  L -isomers.  It  has  been  located  near  the  active  site 

5  6 

in  a  number  of  proteins,  and  its  coordination  to  the 

metal  ion  at  the  active  site  is  proposed  in  some  of  these 

57  .  ... 

enzymatic  species.  As  a  chelating  ligand,  histidine  is 

potentially  tridentate,  and  its  three  basic  groups  should 

be  quite  unique  in  their  coordinating  abilities. 

Two  previous  kinetic  studies  of  the  reaction 

+2  49  50 

of  L-histidine  with  Ni  (0H~ ) c  have  been  reported.  ' 

Z  D 

These  results  were  interpreted  using  the  simplest 
approach,  which  begins  by  assuming  that  initial  bond 
formation  is  rate  determining,  and  that  all  further 
chelation  steps  proceed  rapidly.  Using  this  approach, 
one  obtains  an  expression  of  identical  form  to  equation 
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(2.7),  except  that  now  refers  to  the  acid  dissociation 

constant  for  the  imidazole  proton  rather  than  the  amine 

proton,  and  and  k^  are  the  rate  constants  for  reaction 

of  the  metal  ion  with  the  cationic  and  zwitterionic  forms 

of  histidine  respectively.  The  experimental  results  gave 

linear  plots  of  kobs (K14+ (H+) ) / (H+)  versus  (H+)  1,  with 

intercepts  close  to  zero.  A  discussion  of  these  results 

using  a  more  complex  model  will  be  included  later. 

A  second  slower  reaction  was  also  observed  in 

49  50 

previous  studies  with  L-histidine.  '  It  was  proposed 

49 

by  Letter  and  Jordan  that  this  slow  reaction  involved 

formation  of  a  binuclear  nickel (II)  species,  formed  by 

attack  by  a  second  nickel  ion  at  the  remote  pyrrole 

.  .  51 

nitrogen  of  the  histidine  ligand.  In  a  similar  study 
with  the  modified  species,  L-3-methylhistidine ,  in  which 
the  pyrrole  nitrogen  is  blocked,  the  slower  reaction  was 
not  observed.  This  complication  seems  to  arise  because  of 
the  reaction  conditions,  in  which  the  nickel (II) 
concentration  is  kept  in  large  excess  over  that  of  the 
ligand . 

In  the  present  work,  a  stable  Schiff  base 

complex  of  nickel  (II),  triaquotribenzo  [2? , /,  j  ]  -  [1 , 5 , 9  ]  - 

triazacycloduodecinenickel (II ),  (Figure  9)  known  as 
+  2 

NiTRI (OH^ ) ^  •  was  chosen  for  study  for  a  number  of 

+  2 

reasons.  Formation  of  bis  complexes  of  NiTRI  (OH^) 


The  structure  of  the  Schiff  base  complex 
NiTRI (0H2) 3+2 . 


Figure  9. 
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with  a  multidentate  ligand  is  unlikely  to  occur,  since 

only  three  positions  are  available  for  substitution.  This 

allows  for  a  greater  range  of  possible  concentration 

conditions,  which  could  be  quite  advantageous.  In 

particular,  if  a  study  of  the  histidine  reaction  could 

be  made  under  conditions  of  high  ligand  to  metal  ratio, 

complications  arising  from  attack  by  a  second  metal  species 

would  be  unlikely  to  occur. 

The  rate  constant  for  water  exchange  on 
+2  4 

NiTRI (OH2 ) ^  (3.8  x  10  s  ,25°)  is  similar  to  that 

reported  for  Ni  (OI^ )  ( 3  •  3  x  10^s  Thus  it  is 

expected  that  conclusions  regarding  the  pathways  for 

+  2 

formation  of  a  chelate  complex  of  NiTRI (OH2 ) ^  should 

+  2 

be  generally  applicable  to  NitOH^)^  ,  assuming  that  both 

undergo  substitution  by  an  S^lIP  mechanism. 

+  2 

The  structure  of  NiTRI (OH^)^  contains  no  axis 
of  improper  rotation,  Sn ,  and  thus  can  exist  as  either  of 
two  isomers,  which  are  mirror  images  of  each  other.  In 

6  0 

fact,  a  resolution  of  these  isomers  has  been  reported. 

+  2 

The  reaction  of  one  optical  isomer  of  NiTRI (OH^)^  with 
an  optically  active  ligand  such  as  histidine,  might  show 
a  kinetic  stereoselectivity,  which  would  be  interesting 
to  investigate,  and  might  also  help  to  determine  the 
order  in  which  the  chelation  steps  occur. 

In  summary,  the  intention  of  this  study  is  to 


' 
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investigate  the  binding  of  several  multidentate  ligands 
such  as  histidine  and  its  derivatives  with  the  nickel (II) 
complex  NiTRI (0H2 ) ^+2 . 


EXPERIMENTAL 


Materials 

The  nickel  complex,  triaquotribenzo [b  ,  f,  j  ]  - 

[1 , 5 , 9 ] triazacycloduodecinenickel ( II ) nitrate ,  NiTRI (OH^ ) ^  r 

was  prepared  as  suggested  by  Taylor  and  Busch. ^  The 

compound  o-amino-benzaldehyde  was  prepared  by  reduction 

of  o- nitro-benzaldehyde  with  FeSO^  as  described  by 

6  2 

Smith  and  Opie.  A  sample  (4.5  gm)  of  this  was  allowed 

to  trimerize  by  self-condensation  in  dilute  HC1  under 

6  3 

a  nitrogen  atmosphere, (as  described  by  McGeachin,  )  to 
form  the  tridentate  ligand  13-hydroxy-6 , 12-benzo-6H- 
quinazolino  [3 , 4 , a] quinazoline.  A  suspension  of  this  ligand 
(1.0  gm)  was  heated  with  an  equimolar  amount  of  nickel (II) 
nitrate  hexahydrate  in  40  ml  of  absolute  ethanol  for  one 
hour.  The  initially  green  solution  gradually  became 
yellow-orange,  and  the  nickel  complex  precipitated.  The 
NiTRI (OH2 ) ^ (NO^ ) 2  (1*5  gm)  was  isolated  by  filtration, 
and  re-dissolved  in  100  ml  of  warm  water.  After  addition 
of  ~10  ml  of  3M  NaClO^  ,  the  solution  was  cooled  for 
several  hours.  The  precipitate,  NiTRI (OI^) ^ (ClO^) ^  • 
was  collected  by  filtration,  and  recrystallized  twice 
from  water  and  NaClO^  as  described  above.  The  product 
was  washed  with  cold  water,  and  dried  for  several  days 
under  vacuum  over  CaSO^ .  Analysis.  Calculated  for 
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NiTRI (0H2) 3 (C104) 2  :  C,  40.62;  H,  3.41;  N,  6.78.  Found: 

C,  40.75;  H ,  2.79;  N ,  6.85. 

The  electronic  spectrum  of  a  sample  of 

NiTRI (OH2 ) ^ (Cl°4 ) 2  dissolved  in  10  ^  M  HClO^  has 

4  3  -1-1 

absorption  maxima  at  315  nm  (e  1.18  x  10  dm  mol  cm  ) 

4  3  -1-1 

and  at  275  nm  (e  4.10  x  10  dm  mol  cm  ) ,  which  are 

6  0 

in  good  agreement  with  the  previously  reported  maxima 

4  3  -1-1 

at  325  nm  (e  1.15  x  10  dm  mol  cm  )  and  at  275  nm 
4  3  -1-1 

(e  4.17  x  10  dm  mol  cm  ).  A  comparison  of  the  complete 
electronic  spectrum  (250-1100  nm  )  of  an  aqueous  solution 
of  NiTRI (OI^) ^ (ClO^) 2  with  that  shown  in  reference  60 
further  supports  the  characterization  of  the  product. 

The  IR  spectrum  of  a  sample  of  the  complex  was  in 
agreement  with  that  previously  reported. 

Aqueous  solutions  of  NiTRI (OH2 ) ^ (CIO^ )  at 
pH<  7  are  reasonably  stable,  as  confirmed  by  the 
reproducibility  of  the  electronic  spectrum  over  a 
period  of  three  days.  However,  for  the  kinetic  experiments 
fresh  solutions  were  prepared  directly  by  weighing  just 
prior  to  use. 

A  stock  solution  of  nickel  (II)  perchlorate 
was  prepared  by  mixing  reagent  grade  nickel  (II)  carbonate 
(  J.T.  Baker)  with  an  equivalent  amount  of  perchloric 
acid.  This  solution  was  standardized  by  titration  with 
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EDTA,  using  murexide  indicator  (Fisher) . 

The  ligands  £>-histidine ,  DL- histidine,  L- 3- 
methylhistidine ,  and  L-l-methylhistidine  (  the  latter 
two  of  which  are  named  using  biochemical  nomenclature) 
were  used  as  supplied  by  Sigma  Chemical  Co.  The  ligand 
L-histidine,  (  free  base,  Nutritional  Biochemicals  Corp.) 
was  recrystallized  from  50%  aqueous  ethanol,  and  dried 
under  vacuum  over  CaSO^  before  use.  Analysis. 

Calculated  for  C^H^N^C^:  C,  46.'5;  H,  5.81;  N,  27.1. 

Found:  C,  46.9;  H,  5.83;  N,  27.5.  Glycine  (free  base) 
was  prepared  by  dissolving  8  gm  of  the  hydrochloride 
salt  (Eastman)  in  100  ml  of  hot  50  %  aqueous  ethanol 
solution  containing  3  gm  of  NaOH.  Upon  refrigeration, 
the  free  base  crystallized,  and  was  collected  by 
filtration.  The  crystals  were  washed  with  cold 
distilled  water  and  with  ethanol,  and  dried  under 
vacuum  over  CaSO^ .  A  sample  dissolved  in  water  was 
found  to  contain  very  little  chloride  ion,  as 
indicated  by  testing  with  AgNO^.  Histamine  (free  base) 
was  used  as  supplied  (  Matheson,  Coleman,  and  Bell), 
after  drying  under  vacuum  over  CaSO^  for  several  days. 
Analysis.  Calculated  for  C^H^N^:  C,  54.0;  H,  8.11; 

N,  37.8.  Found:  C,  53.4;  H,  8.07;  N,  38.2.  Solutions 
of  these  ligands  were  prepared  by  weighing  the 
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appropriate  amount  of  the  solid  directly  into  a  25  ml 
volumetric  flask,  adding  aliquots  of  the  LiClO^  and 
indicator  stock  solutions  as  needed,  and  diluting  to 
volume.  All  ligand  solutions  were  prepared  just  prior 
to  use. 

The  concentrations  of  L-3-methylhistidine 
and  L-l-methylhistidine  were  checked  in  a  few  cases 
by  pH  titration  of  a  small  aliquot  of  the  solution 
prepared  for  the  stopped-flow  experiments.  Corrections 
of  16.4%  and  9.2%  were  applied  respectively,  to  account 
for  the  difference  between  the  weighed  amount  and  the 
actual  concentration.  This  discrepancy  is  assumed  to 
be  due  to  absorbed  water. 

Solutions  of  L-histidine  methyl  ester  were 
prepared  from  the  dihydrochloride  salt  of  i-histidine 
methyl  ester  (Aldrich).  Analysis .  Calculated  for 

C7H13N3°2C1:  C'  34*7;  H'  5-41'*  N'  17.4.  Found:  C,  34.4; 

H,  5.32;  N,  17.4.  Each  sample  of  the  salt  was  weighed 
directly  into  a  15  ml  centrifuge  tube,  and  then  dissolved 
in  5.00  ml  of  distilled  water.  Then  1.00  ml  of  a 
solution  containing  enough  AgClO^  (British  Drug  Houses) 
to  precipitate  98%  of  the  chloride  ion  present  was 
added.  After  shaking  well,  the  mixture  was  centrifuged 
for  fifteen  minutes.  Exactly  5.00  ml  of  the  clear 


. 


supernatant  were  removed  for  preparation  of  the  solution 
to  be  used  in  the  kinetic  experiments. 


The  ligand  a-N , N , N-trimethyl-L-histidine 
(hercynine)  was  prepared  by  the  method  of  Reinhold  et  at. 
The  recrystallized  product  was  dried  under  vacuum,  and 
melted  with  decomposition  at  239-241°.  The  proton  NMR 
spectrum  also  confirmed  the  structural  characterization. 
Analysis.  Calculated  for  C9Kp5N3°2:  C'  54.8;  H,  7.67; 

N ,  21.3.  Found:  C,  53*8;  H,  7.60;  N,  20.8. 

The  ligand  N-methy liminodiacetic  acid  (MIDA) 
was  used  without  further  purification  as  supplied  by 
K  and  K  Laboratories. 

Stock  solutions  of  the  buffers  MES  (2-(N-morpho 

lino) ethanesulfonic  acid)  and  PIPES  (1 , 4-piperazinebis 

- (ethanesul fonic  acid))  were  prepared  from  the  commercial 

products  as  supplied  (Polysciences) .  Stock  solutions 
-4 

(5  x  10  M)  of  the  indicators  bromothymol  blue  and 
bromocresol  purple  (  Matheson,  Coleman,  and  Bell  )  were 
prepared  by  dissolving  the  commercial  products  in  water 
containing  an  equivalent  amount  of  NaOH . 

Stock  solutions  of  LiClO^  (Alfa  Inorganic) , 
perchloric  acid,  and  sodium  hydroxide  were  prepared 
as  described  in  the  experimental  section  of  Chapter  I. 

All  solutions  were  prepared  from  water  which  had  been 
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distilled  twice  in  glass  apparatus,  and  the  last 
distillation  was  from  alkaline  potassium  permanganate. 


Resolution  of  NiTRI (0H2 ) 3+2 
Ion  Exchange  Method 

Approximately  10  gm  of  the  weak  acid  cation 
exchange  resin,  CGC-271  (Baker) ,  were  washed  thoroughly 
with  ethanol  and  diethyl  ether.  The  resin  was  then  treated 
several  times  with  100  ml  of  1 . 0M  NaOH,  to  convert  it 
into  the  Na+  form.  The  resin  was  then  slurried  in  water, 
and  transferred  to  a  glass  column  20  cm  long  and  2  cm  in 
diameter.  The  resin  was  eluted  with  distilled  water 
until  no  pH  change  could  be  detected  on  passage  through 
the  column.  The  pH  of  the  column  was  then  adjusted  to  ~6 
by  elution  with  acetate  buffer  (50  ml  of  0.04M  sodium 
acetate  adjusted  to  pH  6  with  acetic  acid) .  A  solution 
containing  0.077  gm  of  L-histidine  ,  0.062  gm  of 

racemic  NiTRI (OH2 ) 3 (CIO^ ) 2  and  sodium  acetate  buffer 
(0.04M  )  at  pH  6  was  placed  on  the  column.  The  column  was 

then  eluted  with  acetate  buffer  containing  L-histidine 

-2 

(10  M) .  The  concentration  of  the  buffer  was  increased 
step-wise  to  0.80M,  at  which  point  the  complex  was  seen 
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to  move  down  the  column.  Six  20  ml  fractions  of  eluent 

were  collected  sequentially,  and  the  optical  rotation  of 

each  was  measured  using  a  Perkin-Elmer  Model  241  polar- 

-2 

imeter.  The  optical  rotation  of  a  blank  containing  10  M 
f-histidine  in  0.8M  sodium  acetate  buffer  was  also 
measured.  The  electronic  and  ORD  spectra  of  acidified 
(pH  2,HC10^)  samples  of  the  second  and  sixth  fractions 
were  recorded.  Upon  addition  of  minimal  volumes  of  6M 
HC104  and  4M  NaClC>4  ,  crystalline  NiTRI  (0H2)  3  (C1C>4)  2 
could  be  recovered  after  cooling. 

Precipitation  Method 

An  aqueous  solution  of  0.060  gm  of  racemic 
NiTRI  (OH2 )  3  (ClC>4 )  ^  (10  ml)  was  added  with  stirring  to 
10  ml  of  water  containing  0.240  gm  of  L-histidine  and 
sufficient  acetic  acid  to  adjust  the  initial  pH  to  6.2. 
Precipitation  of  a  yellow-orange  product  begins  after 
about  30  s  of  rapid  stirring.  After  15  minutes,  this 
precipitate  was  collected  by  filtration  in  a  sintered 
glass  filter  funnel,  washed  with  cold  distilled  water, 

and  air-dried.  A  sample  of  this  precipitate  was 

-2 

dissolved  in  10  M  HC104,  and  its  optical  rotation 

was  measured.  The  remainder  of  the  precipitate  was 

-2  ... 
dissolved  in  10  M  acetic  acid.  A  solution  containing 

a  20  fold  excess  of  L-histidine  was  added,  together 

with  enough  NaOH  to  neutralize  the  acetic  acid,  to  a 


final  pH  of  6.  Again  a  precipitate  was  formed,  and  it 

was  separated  by  filtration.  A  sample  was  taken  for 

measurement  of  the  optical  rotation.  This  process  was 

repeated  once  again  to  ensure  complete  resolution  of 

the  isomers.  A  sample  of  the  washed,  dry  crystalline 

material  was  sent  for  microanalysis,  and  another  was 

“2 

dissolved  in  10  M  HCIO^  for  measurement  of  the  ORD 

spectrum.  The  remaining  precipitate  was  dissolved  in 
-2 

10  M  HCIO^ ,  and  4M  NaClO^  was  added.  After  cooling, 

NiTRI (OH2 ) ^ (ClO^ ) 2  was  recovered  by  filtration. 

The  other  isomer  could  be  obtained  by  either 

of  two  methods.  When  a  few  ml  of  4M  NaClO^  was  added 

to  the  filtrate  obtained  earlier,  a  precipitate  was 

formed  upon  cooling.  This  precipitate  was  re-dissolved 
-2 

m  10  M  HClO^  and  re-precipitated  by  addition  of  excess 

4M  NaClO^  and  cooling.  The  electronic  and  ORD  spectra 

-2 

of  a  sample  of  this  precipitate  dissolved  in  10  M 
HClO^  were  recorded. 

This  second  isomer  could  also  be  recovered  by 
addition  of  an  aqueous  solution  of  R-histidine  to  the 
original  filtrate  obtained  earlier.  The  NiTRI (OH^ ) ^ (CIO^ ) 
was  recovered  from  solution  by  addition  of  NaClO.  as 


described  above. 
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Determination  of  the  Acid  Dissociation  Constant  of 
Hercynine 

The  value  of  the  pK^  for  hercynine  in  0.30  M 

LiClO^  at  25±0.2°  was  determined  by  pH  titration.  Samples 

of  the  ligand  were  titrated  with  0.202  M  HCIO^  ,  using 

a  Metrohm  Dosimat  titration  apparatus.  The  pH  was 

measured  using  a  Metrohm  E300B  pH  meter  and  combination 

microelectrode  previously  described  (Chapter  I).  Three 

titrations  were  made,  from  which  the  average  pK  was 

a 

determined  from  the  half-neutralization  point  to  be 
6. 05±0. 03. 

Kinetic  Measurements 

+  2 

The  rates  of  the  reactions  of  NiTRlCOH^)^ 
with  histidine,  I-3-methylhistidine ,  L-1-methylhistidi.ne , 
histamine,  glycine,  and  L-histidine  methyl  ester  have 
been  measured  in  the  pH  range  5-7.  In  initial  runs  with 
histidine,  the  reaction  was  followed  directly  by 
observation  of  the  decrease  in  transmittance  at  275  nm. 

All  of  the  remaining  studies  were  made  by  following  the 
rate  of  release  of  H+ ,  using  the  transmittance  change 
due  to  an  acid-base  indicator  in  the  solution.  The 
Aminco-Morrow  stopped-flow  apparatus  described  in  Chapter  I 
was  used  to  obtain  the  kinetic  data.  The  temperature  was 
controlled  and  monitored  at  25.0±0.5°  using  the  equipment 
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described  earlier  in  Chapter  I.  The  ligand  was  always  kept 

+  2 

in  at  least  a  ten-fold  molar  excess  over  the  NiTRI (01^ ) ^ 

The  pH  of  each  of  the  reactants  was  adjusted  prior  to 

mixing  with  a  small  volume  of  HCIO^  (less  than  100  yl) f 

and  the  pH  of  the  products  was  measured  within  10  minutes 

of  mixing  in  the  stopped-flow  system,  using  the  pH  meter 

and  probe  described  in  Chapter  I. 

Blank  experiment s , made  by  mixing  in  the  stopped- 

+  2 

flow  apparatus  solutions  of  NiTRI  (C^)^  and  bromothymol 

blue  indicator,  each  containing  PIPES  buffer,  showed  a 

small  (~1%) ,  slow  increase  in  transmittance  at  620  nm 

at  pH  6.8.  In  most  of  the  histidine  results,  the  indicator 

+  2 

was  not  included  in  the  NiTRI (OH^)^  solutions,  but 
identical  runs  in  which  the  bromothymol  blue  was  included 
in  both  solutions  showed  no  significant  difference  in 
the  observed  rate  coefficient.  Similar  blank  experiments 
with  bromocresol  purple  indicator  at  pH  6.2  (A=590  nm) 

showed  no  transmittance  change.  In  all  of  the  studies 
with  the  other  ligands,  the  indicator  was  included  in 
both  reactant  solutions.  Blank  experiments  in  which  a 
histidine  solution  was  mixed  in  the  stopped-flow  system 
with  bromothymol  blue  or  bromocresol  purple  and  MES 
buffer  showed  no  transmittance  changes  at  620  or  590  nm 
respectively  (pH  6.2). 

The  pseudo-first-order  rate  coefficients  were 


. 


determined  from  the  photographic  traces  using  the  least- 

squares  program  described  in  Appendix  A. 

Several  different  combinations  of  optical 
+  2 

isomers  of  NiTRlCOH^)^  and  histidine  were  studied. 

+  2 

Racemic  NiTRlCOH^)^  was  used  for  all  of  the  studies 
with  the  other  ligands. 

+  2 

The  reaction  of  Ni(OH~)^  with  L-histidine 

2  b 

was  studied  under  conditions  of  excess  ligand.  The  ligand 

solutions  were  prepared  similarly  to  those  already 

+  2 

described,  while  the  NilOH^)^  solution  was  prepared  by 

dilution  of  the  stock  solution  described  earlier.  Both 

reactants  contained  indicator  and  0.30  M  LiClO.,  and  the 

4 

+  2 

solution  contained  a  small  amount  (0.002M)  of 
buffer  to  stabilize  its  initial  pH. 

+  2 

In  the  study  of  the  reaction  of  Ni(OH_)_ 

2  b 

with  L-hercynine,  the  metal  ion  was  kept  in  excess  over 
the  ligand,  since  under  these  conditions  complex  formation 
was  most  favorable,  and  easier  to  study. 

NMR  Measurements 

Measurements  of  the  solvent  proton  longitudinal 
relaxation  time,  T^  ,  in  an  aqueous  solution  of  NiTRI  (OI^)^ 
containing  various  known  amounts  of  ligand,  were  made 
using  a  Bruker  SXP  4-100  pulsed  nmr  instrument  operating 
at  60  MHz.  A  triplet  pulse  sequence  (180-t-{90-180-90}-t- 
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{90-180-90}  •••  )  was  used,  and  the  magnetization  after 
each  180°  pulse  was  displayed  as  a  function  of  time  on 
the  oscilloscope  screen,  after  storage  in  a  Tracor  Northern 
N  S  570  data  accumulator.  This  first-order  decay  was 
compared  visually  to  an  exponential  curve  simulated  using 
the  output  from  a  series  R-C  network.  Variation  of  the 
resistance  (R)  and  the  amplitude  of  the  signal  allowed 
the  simulated  curve  to  be  superimposed  upon  the  experimental 
trace,  the  former  of  which  was  displayed  on  the  oscilloscope 
screen  via  a  second  channel.  The  time  constant  was  then 
determined  directly  from  the  simulator  values  of  R  and  C. 
Comparisons  of  the  T^  values  obtained  by  this  method  were 
found  to  agree  within  ±5%  of  those  determined  by  least- 
squares  analysis  of  the  digitized  experimental  data. 

The  experiments  were  made  using  a  titration 

technique,  in  which  incremental  volumes  (100-500  yl)  of 

-3 

ligand  solution  were  added  to  2 . 00  ml  of  4 . 0  x  10  M 

NiTRI (OH2 ) ^ (CIO^ ) 2  solution  in  0.10  M  MES  buffer  initially 

adjusted  to  pH  6.20  (or  6.98).  The  T^  was  measured  after 

each  addition  of  ligand  solution,  as  well  as  on  pure 

+  2 

solutions  of  NiTRI  (OH^)  ^  and  ligand.  The  temperature 
was  25±1°  in  all  cases. 

Solutions  of  the  ligands  L-histidine,  L-hercynine, 
histamine,  L-histidine  methyl  ester,  and  MIDA  were 
prepared  by  dissolving  weighed  amounts  of  the  compounds 
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in  water,  to  give  final  concentrations  of  0.020  or  0.040M. 
MES  buffer  (0.10M)  was  included  in  these  solutions,  and 
the  pH  of  each  was  adjusted  as  required  with  2.0M  HClO^ . 


RESULTS  AND  DISCUSSION 


When  solutions  containing  equimolar  amounts 
.  .  +2 

of  L-histidme  and  NiTRI  (OH2 )  ^  buffered  at  pH  6.2 
are  mixed,  the  absorbance  at  275  nm  decreases  as  shown 
in  Figure  10.  Additional  histidine  causes  a  further 
absorbance  decrease,  implying  that  complex  formation 
is  not  complete  at  1:1  stoichiometry. 

+  2 

The  reaction  of  NiTRI ((^2)3  with  histidine 
was  shown  to  be  reversible  by  treating  one  aliquot  of 
a  NiTRI (OH0 ) solution  at  pH  6.1  with  histidine  and 
then  with  0.5  M  HClO.  to  a  final  pH<2,  while  a  second 
aliquot  was  acidified  prior  to  addition  of  histidine. 

+  2 

In  the  first  case  the  histidine  complex  of  NiTRI  (C^)^ 

will  form  and  then  be  converted  back  to  reactants  by 

the  acid,  whereas  in  the  second  case  ,  no  complex  will 

have  formed.  The  electronic  spectra  of  the  two  solutions 

were  identical,  showing  that  the  reaction  with  histidine 

+  2 

has  no  irreversible  effect  on  NiTRI  (6^2)-^ 


+  2 

Resolution  of  NiTRI (OH^)^ 

Preliminary  attempts  to  separate  the  optical 
+  2 

isomers  of  NiTRI (OH„)_  by  selective  elution  from  a 

2  1 

cation  exchange  column  indicated  that  resolution  could 
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Absorbance 
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Figure  10.  Electronic  absorption  spectra  of  solutions  of 

+  2 

NiTRlCOl^)^  and  L-histidine.  The  spectra 
were  measured  at  23°  in  a  cell  of  1.00  cm  path 
length.  Total  [NiTRI]  =  2.00  x  10  ~*M.  solutions 
contained  L-histidine  as  follows:  (1)  none 
(2)  2.00  x  10~5M  (3)  8.00  x  10_4M  (4)  8.00  x 
10  ^M.  NaC^CCH^  buf f er  (0 . 10M)  at  pH  6.23  was 
included  in  all  solutions. 


91 


-2 

be  obtained  if  the  eluent  contained  10  M  L-histidine 
and  was  buffered  at  pH  5-7.  Under  these  conditions,  the 
details  of  which  are  given  in  the  experimental  section, 
the  eluent  fractions  gave  optical  rotations  as  listed 
in  Table  13. 

Table  13 

Apparent  Optical  Rotations  of  Eluent  Fractions 


Fraction 

365 

Wavelength,  nm 

436  546 

578 

1 

-0.031 

+0.021 

+0.012 

+0.008 

2 

-0.035 

+0.031 

+0.016 

+0.011 

3 

-0.017 

+0.013 

+0.007 

+0.005 

4 

-0.001 

0.000 

0.000 

0.000 

5 

+0.007 

-0.012 

-0.007 

-0.005 

6 

+0.008 

-0.016 

-0.010 

-0.008 

Blank*3 

-0.009 

-0.006 

-0.003 

-0.002 

(a)  The  tabulated 

values  are  in 

degrees , 

and  were 

measured 

in  a  1.00  dm  path  length  cell  at  23°. 

-2  .... 

(b)  A  solution  of  10  M  L-histidine  in  0.80  M  NaC^CCH^  at 


pH  6  . 


’ 


Recovery  of  the  perchlorate  salts  yielded 


0.0124  gm  (40%)  of  the  (  +  ) 4 3 gNiTRI (OK^ ) 3 (ClO^ ) 2  isomer 

from  Fractions  1  and  2  (Table  1.3),  and  0.0087  gm  (30%) 

of  (-)  .  0,-NiTRI  (0Ho)  (CIO. )  0  from  Fractions  5  and  6. 

4  3  b  Z  j  4  Z 

Yields  are  based  on  the  maximum  amount  of  the  isomer 
that  could  be  obtained. 

In  the  precipitation  method,  a  solution  of 
A-histidine  was  added  to  a  buffered  solution  of 
NiTRI (OH^) ^ (CIO^) p.  At  pH>  5.4,  a  yellow-orange  precip¬ 
itate  was  formed,  which  gave  a  positive  rotation  at  436 
nm.  This  isomer  thus  corresponds  to  the  one  eluted  first 
from  the  ion  exchange  column  in  the  previous  method. 
Fractional  recrystallization  of  this  yellow-orange 
precipitate  gave  an  improvement  in  the  resolution  of  the 
(  +  )  436  asomer'  as  shown  in  column  A  of  Table  14. 

After  removal  of  the  (+)._,  isomer  from  the 

4  J  0 

original  solution,  the  (-)^g  isomer  was  precipitated 
by  addition  of  sodium  perchlorate  solution.  Recrystalliz 
ation  of  the  perchlorate  salt  of  this  isomer  from  dilute 
perchloric  acid  and  sodium  perchlorate  resulted  in  an 
increase  in  its  molecular  rotation,  as  shown  in  column 
B  of  Table  14. 

Because  of  the  low  yields,  further  recrystalli 
ations  of  these  samples  were  not  undertaken.  The  ORD 
spectra  of  solutions  of  the  (  +  )43£  an<^  ^~^  436  asomers 
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obtained  by  this  precipitation  method  are  shown  in  Figures 
11  and  12  respectively.  The  ORD  spectra  of  samples  of  the 
ion  exchange  Fractions  2  and  6  (Table  13)  are  also  similar 
to  those  shown  in  Figures  11  and  12  respectively,  and  the 
resolutions  obtained  by  the  two  methods  are  compared  in 
Table  15. 


Table  15 


a  +2 

Molecular  Rotations  of  Resolved  NiTRI(OH2)3 


(+)436NiTRI(OH2)3 


+  2 


1°-5  [$]  283  10-5  m254 


(-)436NiTRI(OH2)3+2 
1°~^  [$]  283  10'V]254 


Ion  Exchange  -1.9  +0.70  +2.1  -0.68 

Method 

Precipitation  -2.0  +0.65  +1.2  -0.38 

Method 


(a)  The  molecular  rotations  were  determined  directly 

-2 

from  the  ORD  spectra  at  23°  in  10  M  HCIO^ .  [$]^ 

is  defined  under  Table  14. 


of 


The  results 
L-histidine  and  (+) 


of  an  analysis  of 
436NiTRI(OH2)3+2 


the  precipitate 
are  shown  in  Table  16. 
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300  400  500 


WAVELENGTH ,  nm 


Figure  11.  ORD  spectrum  of  (+)436  NiTRI (0H2 ) 3+2 . 

[NiTRI (OH2) 3+2]  =  4.13  x  10"5M,  in  10~2M 
HClO^ .  The  spectrum  was  measured  in  a 
1.00  cm  path  length  cell  at  23°. 


* 


degrees 
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+  2 

Figure  12.  ORD  spectrum  of  (-)^g  NiTRlCOf^)^ 

[NiTRI (0H2) 3+2]  =  3.73  x  10~5  M,  in  10~2M 
HClO^ .  The  spectrum  was  measured  in  a 
1.00  cm  path  length  cell  at  23°. 


■ 
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Table  16 

Analytical  Results  for  the  Precipitate 


C 

H 

N 

MW 

Found  : 

50.7 

3.98 

12.5 

Calculated  for  : 

NiTRI (his) (C104) a 

52.2 

3.73 

13.5 

621.68 

NiTRI (his ) (C104) (0H2) 

50.7 

3.94 

13.1 

639.70 

NiTRI (his) (C104) (OH2)2 

49.3 

4.14 

12.8 

657.71 

(a)  (his)  =  histidine,  CgHgN^C^  . (TRI)  = 

Of  the  possible  molecular  formulae  listed  in 


Table  16  the  analytical  results  seem  most  consistent 
with  NiTRI(his)  (ClO^)  (0H2).  Formulae  with  two  histidines 
per  nickel  (II)  or  with  the  histidine  zwitterion  and  two 
perchlorate  ions  per  nickel (II)  are  clearly  eliminated 
by  the  analysis. 

The  formula  NiTRI(his) (ClO^) (OH^)  can  be 
interpreted  as  a  bidentate  histidine  complex,  in  which 
the  water  molecule  occupies  the  sixth  coordination  site 
on  the  nickel  ion.  On  the  other  hand,  the  histidine  could 
be  tridentate,  and  the  water  molecule  might  be  held  in  the 


98 

crystal  lattice  by  hydrogen  bonding.  The  nature  of  the 
histidine  complex  will  be  further  discussed  in  connection 
with  the  kinetic  and  nuclear  magnetic  resonance  results. 

Acid  Dissociation  Constants 

6  5 

Literature  values  of  pK^  at  25°  for  the 

ligands  used  in  this  work  are  collected  in  Table  17. 

9 

These  are  apparent,  or  "mixed  "  constants,  as  obtained 
directly  from  pH  titration,  or  by  applying  an  activity 
correction^  (for  1=  0.30  M)  to  the  concentration 
constants  tabulated  in  reference  65. 
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Table  17 


Acid  Dissociation  Constants  of  the  Ligands 


Ligand 

PKal 

PKa2 

Reference 

L-histidine 

6.18 

9.22 

65 

3. 

3-L-methylhistidine 

5.79 

9.30 

66 

histamine 

6.21 

9.97 

65 

L-histidine  methyl  ester 

5.39 

7.36 

65 

L -hercynine 

6.05 

— 

this  work 

glycine 

- 

9.71 

65 

l-L-methylhistidinea 

6.58 

8.60 

66 

(a)  Measured  with  I  =  0.10  M  at  an  unspecified  temperature. 
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Kinetics  and  Mechanisms 

+  2 

The  reaction  of  NiTRI (OH2)3  with  histidine 

+  2 

The  rate  of  the  reaction  of  NiTRI  (C^)^  with 

histidine  was  followed  both  directly  at  275  nm,  and 

indirectly  through  the  use  of  an  indicator.  When  followed 

directly,  a  small  transmittance  increase  was  observed,  in 

agreement  with  the  spectral  results  discussed  earlier.  The 

indicator  method  generally  gave  larger  transmittance 

changes,  which  could  be  optimized  conveniently  for  the  pH 

of  interest,  by  the  appropriate  choice  of  reactant 

concentrations  and  indicator.  Most  of  the  systems  were 

self-buffering  in  the  pH  region  studied  due  to  the  large 

molar  excess  of  ligand  present.  While  this  was  convenient 

in  some  respects,  it  necessitated  increases  in  the 
+  2 

NiTRI (OH2 ) ^  concentration  when  the  ligand  concentration 

was  increased  in  order  to  compensate  for  the  increased 

buffering.  In  kinetic  studies  at  a  particular  pH,  the 

+  2 

ratio  of  [ligand]  to  [NiTRI  (OH2)2  ]  was  kept  constant. 

Under  these  conditions,  the  total  observed  transmittance 
change  at  pH  6.8  was  fairly  constant  as  the  reactant 
concentrations  were  increased.  In  similar  studies  at  pH 
6.2,  the  total  observed  transmittance  change  increased 
as  the  reactant  concentrations  were  increased,  implying 
that  complex  formation  is  not  complete  under  these  latter 
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conditions.  The  previously  mentioned  spectral  observations 
yielded  the  same  result. 

The  experimental  pseudo-f irst-order  rate 

.  .  +2 
coefficients  (k  )  for  the  reaction  of  NiTRI  (OH0 ) 

with  histidine  are  listed  in  Table  18.  The  variation  of 

k  with  total  histidine  concentration  (  L,  )  at  constant 
exp  t 

pH  is  consistent  with  equation  (2.9),  as  indicated  by  the 
linearity  of  the  plot  shown  in  Figure  13. 


k 


exp 


kf  (V  +  kr 


(2.9) 


Similar  plots  at  pH  5.5,  5.9  and  6.8  are  also  linear, 
and  all  have  intercepts  close  to  0.1  s  ^ . 

A  consideration  of  the  results  in  Table  18 
shows  that  variation  of  the  optical  forms  of  the  reactants 
has  no  significant  effect  on  the  observed  rate  coefficients. 
It  is  therefore  concluded  that  stereospecific  rate  behavior 
is  absent  in  this  reaction  system. 

The  data  in  Table  18  are  not  suited  to  a 
comparison  of  the  direct  and  indicator  methods  of 
following  the  reaction  because  of  the  necessary  differences 
in  the  concentration  conditions.  However,  the  linearity 
of  the  plot  shown  in  Figure  13  implies  agreement  of  the 
two  methods,  since  half  of  the  points  plotted  were  obtained 


by  each  method. 


■ 
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Table  18 


Observed  Rate  Coefficients  for  the  Reaction  of  NiTRI (OH 


2’  3 


+  2 


with 


Histidine 


a 


PH 

104Lt,M 

k  ,  s  4 

exp 

,  b  -1 

k  ,  n  ,  S 

cald 

.  .  c 

Conditions 

5.55 

33.3 

0 . 6 01± . 04 

0.585 

(  +  ) 

D  BCP 

5.56 

30.5 

0.6901. 02 

0.568 

(  +  ) 

BCP 

5.56 

31.5 

0. 788± . 02 

0.578 

BCP 

5.56 

23.3 

0. 460± . 02 

0.493 

BCP 

5.84 

23.3 

0.9231.04 

0.879 

BCP 

5.87 

33.3 

1.211.08 

1.24 

BCP 

5.8  7 

38.6 

1.381.06 

1.39 

BCP 

5.87 

47.2 

1.631.04 

1.63 

BCP 

o\ 

CO 

o 

in 

7  5.3 

2.301.2 

2.49 

BCP 

6.00 

10.3 

0.6131. 05 

0.679 

6.15 

3.03 

0.3621 . 01 

0.380 

(-) 

275 

6  o  15 

23.3 

1.701.12 

1.78 

BCP 

6.16 

30.3 

2.271. 09 

2.28 

(-) 

275 

6.16 

9.95 

0.8241 .05 

0.889 

(-) 

275 

6.17 

4.97 

0.4901.05 

0.535 

(-) 

275 

6.18 

49.9 

3.941.1 

3.65 

(-) 

275 

6.18 

33.3 

2.351.1 

2.58 

BCP 

6.20 

10.3 

1.001,04 

0.983 

' 
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Table  18  (cont'd) 


PH 

104Lt,M 

k  ,  s  1 

exp 

k  b  s"1 

cald  's 

Conditions0 

6.20 

9.59 

0. 954± . 07 

0.927 

6.21 

30.5 

2.711.1 

2.62 

(  +  ) 

D 

6.21 

31.5 

2.961.1 

2.55 

(  +  ) 

6.28 

9.47 

1. 19+.09 

1.05 

DL 

6.32 

5.15 

0.6101 .05 

0.678 

(-) 

275 

6.46 

9.47 

1.47  .09 

1.40 

DL 

6.60 

5.15 

0.9101.03 

0.962 

(-) 

275 

6.60 

5.48 

0.9201.05 

1.02 

(-) 

275 

6.70 

9.59 

2.001.1 

1.90 

6.77 

9.36 

1.821.03 

1.99 

(-) 

6.79 

18.7 

3.531.1 

3.93 

(-) 

6.80 

5.48 

1.141.05 

1.23 

(-) 

275 

6.91 

9.40 

2.481.2 

2.24 

6.94 

9.59 

2.591.1 

2.34 

DL 

7.01 

9.59 

2.601.2 

2.45 

DL 

7.10 

9.40 

2.581.1 

2.52 

7.11 

9.71 

2.851.2 

2.62 

DL 

7.21 

9.71 

2.90+.2 

2.74 

DL 

7.21 

9.71 

2.971.2 

2.74 

DL 

■ 
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Table  18  (cont'd) 

(a)  The  value  of  reported  is  the  average  of  10 

identical  runs  at  25°.  1=  0.30M  (LiClO^).  The 

error  limits  given  are  one  standard  deviation. 

-4 

Total  [NiTRI]  =  (0. 5-3.0)  x  10  M  after  mixing. 

(b)  Calculated  using  equation  (2.49)  and  the  "best- 
fit"  values  given  in  the  text. 

+  2 

(c)  The  reactants  were  racemic  NiTRI  (OH2 )  3  and 
L-histidine ,  except  where  specified  as  follows: 

(+)  =  (+)436  NiTRI (OH2)3+2;  (-)  E  (-)436  NiTRI (OH2)3+2; 

D  E  C-histidine ;  DL  E  PL-histidine .  Bromothymol  blue 

-  5 

indicator (2 . 5  x  10  M)  was  used  unless  specified  as 

-5 

follows:  BCP  =  Bromocresol  purple (2. 5  x  10  M) ; 

275  =  No  indicator  present,  reaction  followed  directly 


at  275  nm. 


. 


' 
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Figure  13.  Variation  of  ke  with  ligand  concentration 

+  2 

for  the  reaction  of  NiTRlCOI^)^ 
histidine  at  pH  -6.15. 


with 
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It  was  previously  suggested  that  the  reaction 
+  2 

of  (  +  ) 4 3gNiTRI (OH2 ) ^  with  L-histidine  may  produce  a 
complex  in  which  histidine  is  bidentate.  This  is  supported 
by  molecular  models  of  the  reactants,  which  show  that 
histidine  may  prefer  bidentate  coordination  in  at  least 
two  of  the  four  possible  diastereoisomeric  products. 
However,  the  lack  of  an  observable  rate  difference  between 
reactions  leading  to  optically  unique  products  indicates 
a  similarity  in  the  rate-determining  process.  These 
observations  imply  either  that  a  bidentate  complex  forms 
in  all  cases,  or  that  chelation  of  the  third  donor  group 
has  no  effect  on  the  observed  rate.  With  these 
considerations  in  mind,  it  is  reasonable  to  consider  only 
those  mechanisms  which  lead  to  a  bidentate  product. 

There  are  three  possible  ways  in  which  a 
bidentate  product  can  be  formed  from  NiTRI  and  histidine. 
The  first  of  these  mechanisms  is  shown  in  Scheme  8. 
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Scheme  8 


ONHlmH  f  M 


ONHIm  +  M 


ONHIm  +  M 


M— ONHlmH 


The  symbols  ONHlmH  and  ONHIm  represent  the  histidine 
species  III  and  IV  respectively,  and  M  refers  to 
NiTRI (OH2) 3+2c 


III 


IV 


In  this  reaction  sequence,  bonding  occurs  with 
the  carboxylato  oxygen  (0)  and  the  imidazole  nitrogen  (Im) . 
It  is  assumed  that  the  contribution  from  the  amine 
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deprotonated  species  (ONIm)  is  not  significant  because  its 
concentration  is  small  under  the  present  experimental 
conditions  of  (H+)>>K  0. 

cl  A 

The  fundamental  requirement  of  any  proposed 
mechanism  is  that  it  predict  a  rate  law  which  is  consistent 
in  form  and  magnitude  with  the  experimental  rate  law. 

In  this  work,  the  observed  first-order  dependence  on  the 
metal  ion  concentration  implies  that  a  single  exponential 
decay  governs  the  rate  -d[M]/dt.  With  this  restriction, 
a  fairly  complete  expression  corresponding  to  kg  can 
be  derived  from  a  kinetic  analysis  of  Scheme  8,  as 
described  in  Appendix  C.  Simplification  of  this  "complete" 
expression  using  estimates  of  the  magnitudes  of  the 
rate  constants  results  in  an  equation  which  can  be 
meaningfully  compared  to  the  experimental  rate  law.  As 
explained  in  Appendix  C,  the  rate  constants  in  Scheme 
8  are  expected  to  be  related  as  shown  in  equation  (2.10). 


k21~k34~k56~k35~k65>k64~k53  ;  k43~k46~k12 


(2.10) 


Since  the  final  form  of  the  predicted  rate 
law  is  quite  dependent  on  the  magnitudes  of  k^^  anc^  k 
a  detailed  evaluation  is  warranted.  Equations  (2.11), 
(2.12)  and  (2.13)  show  the  proton  transfer  processes 
which  most  likely  contribute  to  k^. 


. 


■ 

. 
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M— ONHImH  +  H20 


M— ONHImH  +  B 


M— ONHImH  +  OH 


M-ONHIm  +  h30+ 


M-ONHIm  +  BH+ 


M-ONHIm  +  H20 


(2.11) 


(2.12) 


(2.13) 


In  the  present  work  very  little  extra  buffer 
was  added,  so  the  base  B  refers  only  to  the  species 
(ONHIm) .  The  contributions  from  the  base  (ONIm)  and  from 
the  metal  complexes  are  neglected  because  of  their  small 
concentrations.  Thus  the  rate  constant  k23  is  given  by 

k23  =  kl ^H2°^  +  k2 [ONHIm]  +  k3[OH~]  (2.14) 

It  can  be  shown  that  the  acid  dissociation 
constant  of  the  imidazole  proton  in  the  species  M— ONHImH 
in  Scheme  8  is  related  to  the  rate  constants  by 

k0~  k,  [H00]  +  k0 [ONHIm]  +  k  [OH~]  K 

—23 -  =  _L - 2 - 2 - J -  =  _ai  (2.15) 

k32  k-i(H  >  +  k_2  [ONHIm]  +  k_3[H20)  (H  ) 

Since  coordination  of  histidine  to  the  metal 
ion  at  the  carboxylate  oxygen  probably  has  only  a  small 
effect  on  the  fairly  distant  imidazole  nitrogen,  it  is 
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likely  that  K  ^  is  equal  to  or  slightly  greater  than  K  . 

a  j  ai 

-7 

For  histidine,  K  ,=  6.61  x  .10  M,  so  K  is  estimated  to 

al  a3 

have  a  value  of  J  x  10  '  M.  The  term  k-^  [H^O]  in  equation 
(2.14)  can  now  be  evaluated  from  the  equality  k^  [H20]  = 
k_^K^  r  using  an  estimate  ^  of  lO3^  M  3s  3  for  k 


-1  ' 


to  give  k^ [H^O]  >  8  x  103  s  1 


The  second  term  in  equation  (2.14)  can  be 


rewritten 


k2[ONHIm]  = 


k2Kal  Lt 

Kai  +  (H+) 


(2.16) 


where 


Lt  =  [ONHImH]  +  [ONHIm] 


(2.17) 


The  value  of  k2  can  be  estimated  from  the  Bronsted 
relationship 


K 


In  k2  =  0.492  In 


K 


a3  f  +  In  (1.7  x  105)  (2.18) 


al 


which  was  determined  experimentally  for  the  ligand 


2-aminomethylpyridine 


68 


From  the  known  values  of  K 


al 


and  ,  calculation  shows  that  k^  [ONHIm]  <<  k^ [H20] 

for  the  concentration  conditions  of  the  histidine  study. 


The  third  term  in  equation  (2.14)  can  be 
estimated  directly,  since  k^  -  2  x  103^  M  3s  3.^3  For 
most  of  the  pH  range  of  the  histidine  study,  the 
approximation  k^  [OH  ]  <  k^  [H20]  will  be  valid. 


■ 


Ill 


These  calculations  show  that  in  Scheme 

8  is  relatively  pH  independent,  and  has  a  value  of 

3  -1 

~  8  x  1CT  s  . 

Substitution  for  k^ ^ /  [HL] ,  and  [L]  from 
equations  (2.15)  and  (2.19), 


(H+)  L 

[HL] E [ONHImH]  =  - — ^ 

Kal+(H  > 


K  L 

[L]  E  [ONHIm]  =  — — (2.19) 

Kal+(H  > 


into  equations  (C-25)  and  (C-26)  in  Appendix  C  permits 

simplification  of  these  equations  to  give  the  ligand 

dependent  term  in  k  as 

exp 


,  ,  k12k35Ka3^ /TT+N 

k46Kal  +  - - - l(H  }  + 

*21 


\ 


k46(k35  +  k34}  +  k4  3k35  H  v  v  JKalKa3 

23  21 


/ 


kf 


Kal  +  (H  } 


(2.20) 


k23  +  k21  \  + 

.  .  ,  k  3  5  +  k34)Ka3  +  (H  > 

23  21 


Likewise,  the  ligand  independent  term  reduces  to 

k  =  (k64k56  +  k65k53) {k34 (k23+  k21^  +  k32k2l} 
(k65+  k56)  {(k35+  k34  ^  (k23+  k21)  +  k32k2l} 
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A  consideration  of  the  form  of  equations  (2.20) 

and  (2.21)  shows  that  the  k  values  in  Table  18 

exp 

should  be  consistent  with 


exp 


.+ 


B  ( 1 )  (H  )  +  B  ( 2  ) 


|K  ,  +  (H+)(  |  B  ( 4 )  +  (H+)[ 


+  , 


Lfc  +  B  ( 5 ) 


(2.22) 


al 


24 

A  least-squares  fit  of  the  data  in  Table  18 
to  equation  (2.22)  gave  the  results  summarized  in 
columns  A  and  B  of  Table  19.  It  is  evident  from  these 
results  that  B(l)  is  poorly  defined  by  the  data,  and 
similar  results  were  obtained  from  a  third  fit  in  which 
B ( 1 )  was  fixed  at  zero. 

Comparison  of  equations  (2.20)  and  (2.22) 
shows  that  the  parameters  in  the  latter  should 
be  consistent  with  the  equations  (2.23)  to  (2.25). 


B(1>  =  k46Kal  + 


k,  0k0  CK  .5 
12  35  a3 


21 


(2.23) 


B(2)  =  k46Kal(k35  f  k34)(k^  +  k21|  K 

23  21 


a  3  + 


(2.24) 


^23  +  k21 

k43Kalk35(———  ,K 

23  21 


a3 


=  <k35  +  +kkil|K 

K23  21 


a3 


B  ( 4 ) 


(2.25) 
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Table  19 

+  2 

A  Summary  of  the  Data  Fits  for  the  Reaction  of  NiTRlCOH^)^ 

cl 

with  Histidine 


Parameter 

A 

Bb 

4  -1 

10  B  (1)  ,  s 

2.9±  .9 

0 . 7  5±  1 

1010B  (2)  ,  M  s”1 

6 . 8±  .  6 

9 . 7±  .  6 

107B  (4)  ,  M 

2. 8±  .  4 

4.4±  .4 

B(5),  s"1 

0. 2±  .  6 

0. 2±  1 

S.E.C 

0.17  4 

0.163 

Parameter 

C 

Db 

E 

109P  (1) ,  M  s"1 

1. 55± .  1 

1 . 19±  .07 

1.09±.06 

17  2-1 

10  P  (2)  ,  M  s 

5. 9±3 

1 . 6±1 

i — 1 

• 

t— 1 

i+ 

• 

oo 

107  P  (4)  ,  M 

11.  Oil 

6 . 5±  .  5 

5.21.4 

P(5),  s'1 

0. 19± . 6 

0 . 2 3±  .  1 

0.371.2 

S.E.C 

0.176 

0.156 

0.154 

(a)  Results  obtained  by  fitting  to  equation  (2.22) (A  and  B) , 

to  equation  (2.36) (C  and  D)  and  to  equation  (2.40) (E) . 

The  parameter  error  estimates  are  95%  confidence  limits. 

K  and  K  ^  were  fixed  at  the  values  given  in  Table  17. 
al  a2 

Relative  residuals  were  minimized  unless  otherwise 


indicated . 
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Table  19  (cont'd) 

(b)  The  absolute  residuals,  (y\  -  Y^) ,  were  minimized 
in  this  fit. (see  Appendix  A) 

(c)  The  standard  error  of  the  fit  was  determined  from 
the  absolute  residuals. 
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Detailed  balancing  of  Scheme  8  gives 


k „  _K  , 
43  al 


k,  _k  .K  _ 
12  34  a3 


•21 


(2 


Substitution  of  equations  (2.25)  and  (2.26)  into  (2.24) 
leads  to 

S(2)  =  k46KalB(4)  +  k35(^ldj!2l\Ka3 


’21 


k23k21 


Since  k^~  k^  (equation  (2.10)),  it  follows  from 
equation  (2.25)  that 


k35(-”  +kk21)  Ka3  S  B'4> 
^  23  21 


) 


Combination  of  equations  (2.23),  (2.27)  and  (2.28) 

results  in 

B(2)  <  |k46Kal  +  12  34  a3  )  B  (4)  =  B  ( 1 )  B(4) 

k21 


(2 


(2 


If  the  lower  limit  on  B(2)  and  the  upper 
limits  on  B(l)  and  B(4)  are  6.2  xlO  k^Ms  k,  3.8  x  10 

-7 

and  3.2  x  10  M  respectively,  then 

6.2  x  lO"10  <  B ( 2 )  >  1.5  x  10"10  >  B(l)  B(4)  (2 

Clearly  the  results  do  not  satisfy  equation  (2.29)  and 
thus  Scheme  8  is  eliminated. 


.26) 


.27) 


.28) 


.29) 


4  -1 


.  30) 
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A  second  possible  mechanism  leading  to  bidentate 
chelation  of  histidine  is  shown  in  Scheme  9. 

Scheme  9 

OlmHNH  +  M 

OlmNH  +  M 

OImN  +  M 

The  histidine  species  III,  IV,  and  V  are 
represented  in  this  scheme  by  OlmHNH  ,  OlmNH  and  OImN 
respectively. 


87 


M— OlmHNH 


-78 


12 


72 


k27  '  H 


M— OlmNH 


■21 


‘43 


23 


k32  '  H 


M-OImN 


k 


34 


35  / 

::i.»  M 

\ 


0 


-Im 


53 


N' 


V 


In  contrast  to  Scheme  8,  the  species  (OImN)  is 
included  in  this  case  because  it  can  lead  directly  to  the 


final  product.  It  is  assumed,  however,  that  binding  with 
(OImN)  occurs  preferentially  at  the  carboxylate  oxygen 
because  of  its  negative  charge. 
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Comparison  shows  that  the  rate  constants  k^2 

and  k^  in  Scheme  9  correspond  to  k 23  and  k32  in 

Scheme  8,  and  thus  k_~/k__  =  K  ->/(H+).  Likewise, 

/  z  z  /  aj 


k?2  =  k  [H20]  +  k2 [OlmNH]  +  k3 [OH  ]  -  k±  [H20] 


(2.31) 


Since  the  rate  constants  k23  and  k^2  in  Scheme  9  govern 
the  transfer  of  the  amine  proton  rather  than  the  imidazole 
proton,  a  unique  evaluation  is  required.  The  acid 
dissociation  constant  of  the  amine  proton  in  the  species 


M— OlmNH 


is  defined  by  K_^  =  k23  (H  )  /k32-  T^e  value  of 


-9 


K  ^  is  estimated  to  be  less  than  7  x  10  M,  by  comparison 
with  the  species  (NH3 )  c-Co— OOCCH2NH3  +  discussed  in  the 
introduction,  and  since  K^2  =  6.0  x  10  "^M.  The  terms  in 
equation  (2.31)  can  now  be  evaluated  by  the  method 
described  previously.  In  this  analysis,  k^  [H20]  =  k_^Ka^ 
and  since  k 


L-1 


lO^^M  1s  ^  ,  then  it  follows  that 


-1 


k.l  ^2°]  <  70  s  .  These  estimates  lead  to  the  conclusion 

that 


Since  k_K  - 
3  w 

easily  shown 


k23  *  k3[OH  ]  =  k3Kw/(H+)  (2.32) 

-4  -1  4  -1 

2  x  10  Ms  ,  and  k^  -  10  s  ,  it  is 

that  k23  >  k23  in  the  pH  range  of  this  study. 


■ 
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The  ligand  species  [B^L]  ,  [HL]  and  [L]  in 

equation  (C-36)  of  Appendix  C  are  defined  by 

2  K  ,  (H+)  K  ,  K  9 

[H2L]  =  Lfc  ,  [HL]  =  -  Lt  ,  [L]  =  -a-1- ■■■  ■  Lt  (2.33) 


A 


A 


where  A  =  jK^  +  (h"*)|  jK^  +  (H+)| .  With  these  definitions, 
and  for  >  k ^ >  equations  (C-35)  and  (C-36)  can  be 

rewritten  to  give 


K  , 
35  al 


(k35  +  k34  +  k32}  \k78Kal 


k-—  k32Ka4  +  k43Ka2](H+> 


k,  = 


^k7 k7?  ^  / 

+  - — — - —  K  -[k10k-0K  „  +  k0,k,0K  0 

,  ,  a3 V  12  32  a4  21  43  a2 

78  72 

1  Kal+  (HT>MKa2+  (H+)}fk2l("78+  k72>  Ka3  +  <H+, 

k78k7  2 


(2.34) 


and 


k  = 
r 


k53  ^k34  +  k32 ^ 

(k35  +  k34  +  k32  ^ 


(2.35) 


Equations  (2.35)  and  (2.34)  combine  to  give  the  general 


expression 


{ 


+ 


P(l)  (H  )  +  P(2)>  L 


i 


GXP  |  Kai  +  <H+)|  I  Ka2  +  (H+)I  1P(4)  +  (H+)^ 


a2 


+  P  ( 5) 


(2.36) 
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A  least-squares  fit  of  the  data  in  Table  18  to 

equation  (2.36)  gave  "best-fit"  values  of  the  parameters 

as  listed  in  columns  C  and  D  of  Table  19.  Substitution 

of  the  result  of  detailed  balancing  (k0-,K  _/k_0=  k.  0K  ,/k0,) 

shows  that  equation  (2.34)  predicts  P(l)  =  P(2)/P(4). 

-9  -1 

If  the  lower  limits  on  P(l)  and  P(4)  are  1.0  x  10  Ms 

and  6.0  x  10  respectively,  and  if  P(2)  <  9.0  x  10  ^M^s  \ 

then 

P(l)  >  1.0  x  10~9  >  1.5  x  10~10  >  |-j^-  (2.37) 

It  is  concluded  that  equation  (2.34)  is 
inconsistent  with  the  experimental  results  in  Table  18, 
and  therefore  Scheme  9  is  eliminated  as  a  possible 

+  2 

mechanism  for  the  reaction  of  histidine  with  NiTRItOB^)^ 


* 
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The  third  mechanism  to  be  considered  for  the 

.  +2 
reaction  of  histidine  with  NiTRI(OH2)3  is  shown  in 

Scheme  10. 


Scheme  10 


ImONH  +  M 


ImON  +  M 


ImON  +  M 


k 


12 


M— ImONH 


,H 


+ 


The  symbols  ImONH  and  ImON  represent  the 
histidine  species  IV  and  V  shown  previously. 

Scheme  10  differs  in  several  ways  from  Schemes 

8  and  9.  First  of  all,  note  that  and  k^  refer  to  Ni— im 

bond-breaking,  and  therefore  are  expected  to  have  values 

similar  to  the  estimate  of  k^  (~5  s  given  in  Appendix 

C.  Secondly,  since  coordination  at  the  imidazole  nitrogen 

probably  has  only  a  small  effect  on  the  amine  proton, 

the  acid  dissociation  constant  of  the  species  M— ImONH  (K 

probably  has  a  value  similar  to  K  0  .  Evaluation  of  the 

a  z 


rp  pxa  9l  >r  si  ml  .?  f ijunj  Mcoor  coni* 
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terms  in  equation  (2.14)  as  previously  described,  with 

k,  [Ho0]  =  k  ,K  .,  and  K  =  6  x  10  ^M,  indicates  that 
1  2  -1  a4  a4 

^23  ~  ^3  [OH  ]  >  200  s  1  in  the  experimental  pH  range. 

It  follows  that  k^-^  <  k^3  in  Scheme  10. 

The  kinetic  analysis  of  Scheme  10,  as  described 
in  Appendix  C,  leads  to  equations  (C-43)  and  (C-44),  which 
can  be  rearranged  to  give 


( 


21 


k,  = 


k12k35ka4  \  +  ^43+  k46^k35 

k^n  46  a2 J  al  '  k^.,  a4  a2  al 


■21 


jKa2  +  (H+)}  |Kal  +  (H+)|/ 


k_cK  „  , 

35  a4  +  (H+) 

k21 


) 


(2.38) 


and 


k  = 
r 


*53  (H+) 


( 


(2.39) 


k.35.Ka4  +  (H+) 

k21 


Equations  (2.38)  and  (2.39)  combine  to  give  the  general 
equation 

Ip(1)  (H+)  +  P(2)l  L  P  ( 5 )  (H+) 

k  =  - 4 - n— 1 - T  .  +  - T- 

GXP  lKai+  (H )}|Ka2  +  (H  )1IP(4)  +  (H  M  p(4)  +  <H  ) 

(2.40) 


Comparison  of  equation  (2.40)  with  (2.38)  and  (2.39) 


shows  that 
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P  (1) 

P(2) 


Pk. CK  * 
12  35  a4 


•21 


+  k.,K  .IK. 
46  a2  /  al 


(k.-  +  k  .  , )  k  _  CK  .  K  .K  0 
4  3  4  6  3 5  a4  al  a2 


21 


P(4) 

P(5) 


k_  CK  . 
35  a4 


‘21 


■53 


(2.41) 

(2.42) 

(2.43) 

(2.44) 


The  results  obtained  by  fitting  the  data  in 
Table  18  to  equation  (2.40)  are  summarized  in  column  E 
of  Table  19.  As  found  for  the  similar  fit  to  equation  (2.36), 
the  value  of  P(2)  is  poorly  defined,  and  the  results  show 
that  P(2)  <  P(l) (H+)  over  most  of  the  pH  range  of  the  data. 
Substitution  of  equation  (2.43)  into  (2.41)  and  (2.42) 
gives 

P(l)  =  (k12P(4)  +  k4gKa2)  Kal  (2.45) 

and 

P ( 2 )  =  (k43  +  k46)  KalKa2P(4)  (2.46) 


If  the  second  term  on  the  right-hand  side  of  equation 
(2.45)  dominates,  then  k^  =  p(l)/KaiKa2  =  ^-9  x  10^M  ^s  ^ 
This  value  is  much  greater  than  the  estimate  determined 
in  Appendix  C,  and  thus  is  inconsistent  with  the  SNlIP 
mechanism.  On  the  other  hand,  if  P(l)  =  k^P(4)  , 


' 
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3  -1  -1 

then  k-^2  =  (3.2±0.4)  x  10  M  s  .  This  value  is  in  good 

agreement  with  the  predicted  value  in  Appendix  C. 

From  equation  (2.46),  a  value  of  (k^  +  = 

4  -1  -1 

(5.3±4)x  10  M  s  can  be  calculated  from  the  parameter  P(2). 
This  result  is  also  consistent  with  the  estimates  in 
Appendix  C. 

If  k.^  ~  4  x  IQ^s  \  k~,  -  5  s  \  and  K  „=  K  0  , 

35  '21  '  a4  a2 

_  6 

then  P(4)  has  a  predicted  value  of  4  x  10  M.  The 

-7 

experimental  value  of  5.2  x  10  M  is  consistent  within 

the  error  limits  of  the  estimate.  Likewise,  the  result 

that  k^^  =  0.37  s  ^  is  in  reasonable  agreement  with  the 

estimate  in  Appendix  C. 

It  is  apparent  from  this  analysis  that  the 

+  2 

kinetic  data  for  the  reaction  of  NiTRI (OH2 ) ^  with 
histidine  can  be  successfully  interpreted  by  Scheme  10  , 
since  the  parameters  obtained  are  consistent  with  each 
other  and  with  expectation.  However,  the  uncertainty 
in  P(2)  implies  that  the  k^  and  k^  paths  contribute 
very  little  to  ^exp«  This  observation,  along  with  the 
results  of  the  nmr  study  to  be  presented  later,  prompted 
a  reappraisal  of  the  data  in  terms  of  the  modified 


mechanism  shown  in  Scheme  11. 
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Scheme  11 


ImONH  +  M 


M-ImONH 


i  k 


M— ImON 


Using  the  steady-state  approximation  for  M— ImON,  and 
noting  that  ^23//^32  =  Ka4^  <<  ^ '  then  kinetic  analysis 

of  Scheme  11  by  the  methods  described  in  Appendix  C  results 
in  equation  (2.47). 


k12^k23k35  +  k32k53^  +  k^k— k- 


21  32  53 


exp 


'32^  k12  +  k21  +  k53 i  +  k3 5  1 kl 2  +  k21  +  k2 3 i 


(2.47) 


21 


‘53 


35  I  12 


'21 


■23 


where 


k12  =  k12tIm0NHJ  = 


k12KalLt 

Kal+  (H+> 


(2.48) 


Equation  (2.48)  is  valid  since  (K  0+  (H+))~  (H+)  in  the 

pH  range  of  the  kinetic  study.  The  denominator  of  (2.47) 
is  analogous  to  equation  (C-43)  derived  for  Scheme  10, 
except  that  the  ligand  dependent  terms  present  in  the 
complete  expression  (see  computer  output)  have  been 
dropped  in  the  derivation  of  equation  (C-43)  because 
they  do  not  appear  in  the  experimental  rate  law.  However, 


* 
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3  -1  -1  -3 

evaluation  of  /  with  =  3  x  10  M  s  ,  Lt<5  x  10  M, 

pK^=  6.2  and  6<pH<7  shows  that  k^  is  comparable  to  the 
expected  value  of  Since  the  prior  analysis  gave 

k^^=  0.37  s  ^ , then  it  is  likely  that  k ' 0  >  k^.  Evaluation 


12 


53 


described  previously  indicated  that  k3  [OH  ]  ,  and 

therefore  k k^  for  6  <pH<  7.  With  these  approximations, 
equation  (2.48)  can  be  reduced  and  rearranged  to  give 


12  ^ 


1  +  k53  (H  )  \  ,  k21k53(H  } 


k,,K  . 
35  a4 


k35Ka4 


exp 


1  + 


( 


k12  +  k21  *  k53 

k35Ka4 


(H+) 


(2.49) 


A  consideration  of  Scheme  11  shows  that  the  second  term 
in  the  numerator  of  equation  (2.49)  can  also  be  written  as 


[M-ImONH]  k53(H  ) 


M 


- 


k35Ka4 


=  F 


(2.50) 


Since  [M— ImONH]  >>  [M— ImON] ,  the  ratio  F  indicates  the 
completeness  of  ring-closure.  In  the  analysis  of  Scheme 
10,  it  was  implicitly  assumed  that  F<<1  (i.e.  complete 

ring-closure) .  The  nmr  results  to  be  discussed  later 
imply  that  ring-closure  may  not  be  complete  in  some  of 


■ 


■ 
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the  systems  under  discussion.  In  addition,  note  that  F 
increases  with  decreasing  pH,  implying  that  ring-closure 
is  less  favorable  at  low  pH.  These  considerations 
indicate  that  equation  (2.49)  is  likely  to  give  a  more 
meaningful  interpretation  of  the  kinetic  behavior  than 
was  obtained  from  equations  (2.38)  and  (2.39). 

A  computer  fit  of  the  results  in  Table  18  to 

3 

equation  (2.49),  with  PKa^=  6.18,  gave  k^=  ^  •  41±0 . 3)  x  10 
M  ^s  ^ ,  k01=35±4  s  koc-K  „=(2.00±0.l)x  10  ~*M  s  ^  and 
ks3=0. 29+0.1  s  ^ .  The  error  estimates  are  approximate 
95%  confidence  .limits.  With  these  "best-fit"  parameters, 
equation  (2.49)  gives  calculated  rate  coefficients, 
which  are  compared  to  the  experimental  values  in  Table  18. 
The  results  given  above  are  similar  to  those  of  the 
previous  analysis  by  equation  (2.40),  except  that  k^ 
has  now  been  evaluated  separately.  The  value  of  k^^,  =  35  s 
although  reasonable,  is  larger  than  was  predicted  in 
Appendix  C.  This  explains  why  the  k^2  term  in  the 
denominator  of  equation  (2.49)  was  not  observed  in  the 
experimental  rate  law. 


The  reaction  of 


NiTRI (0H2) 3 


+  2 


with  3-methylhistidine 


The  observed  pseudo-first-order  coefficients 

+  2 

(k  )  for  the  reaction  of  NiTRI (OH0) ^  with  3-methyl- 

GXp  A 

histidine  (VI)  are  listed  in  Table  20. 


VI 


The  similarity  in  the  structure  and  pK^  value 
of  3-methylhistidine  and  histidine  should  lead  to  a 
similarity  in  their  mechanisms,  and  comparison  of  the 
keXp  values  in  Tables  18  and  20  supports  this  proposal. 
The  data  for  VI  give  linear  plots  of  kg  versus  total 
ligand  concentration  (L^)  at  fixed  pH  values  of  -6.26, 
~6o42,  and  ~6.75,  with  intercepts  of  about  0.1  s  ^  as 
observed  for  histidine. 


A  computer  fit  of  the  data  in  Table  20  to 
equation  (2.40)  with  K  ^  fixed  at  1.62  x  10  gives 
P(l)  =  2.6510.3  x  10“9M  s_1  and  P(2)  <  5  x  10“17M2s_1 


The  error  limits  on  the  latter  parameter  show  that  it 
is  not  distinguished  from  zero.  This  failure  to 


. 
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Table  20 


Observed  Rate  Coefficients  for  the 


Reaction  of  NiTRlCO^)^ 


+  2 


with 


3 -methyl histidine 


a 


PH 

103Lt  ,M 

k  ,  s  3 

exp 

i  b 

k  ,  .  ,  s 
cald 

5.61 

1.85 

0. 728± . 04 

0.728 

5.82 

1.85 

1.201.07 

1.16 

6.01° 

6.80 

5.731.3 

5.13 

6.05 

1.85 

1.961.07 

1.89 

6.14 

1.99 

2.401.2 

2.38 

6 . 24° 

6.80 

7.011.3 

8.16 

6.26 

0.920 

1.361.09 

1.47 

6.27 

1.84 

2.751.2 

2.78 

6.41C 

6.80 

11.81.3 

10.8 

6.42 

0.920 

1.761.08 

1.83 

6.43 

1.84 

3.431.08 

3.51 

6.51 

1.99 

4.541.2 

4.16 

6.75 

0.920 

2.471.1 

2.52 

6.75 

1.84 

4.941.3 

4.89 

6.75° 

6.80 

14.81.5 

16.4 

6.76° 

6.80 

18.81.8 

16.5 

6.94° 

6.80 

19.61.7 

19.1 

7.01 

1.99 

6.401.3 

6.23 
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Table  20  (cont’d) 

(a)  The  value  of  reported  is  the  average  of  at 

least  9  identical  runs  at  25°.  1=  0 . 30M (LiClO^ ) . 

Error  limits  given  are  one  standard  deviation. 

-4 

[NiTRI]  =  (0. 8-2.0)  x  10  M  after  mixing. 

-5 

Bromothymol  blue  (BTB) (2.5  x  10  M)  and  PIPES 

-4 

buffer  (6  x  10  M)  were  used  unless  otherwise  stated. 

(b)  Calculated  using  equation  (2.49)  and  the  "best- 
fit"  values  given  in  the  text. 

(c)  No  buffer  included. 


■ 
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evaluate  P(2)  results  because  P(l) (H+)  >  P(2)  for  the 

-7 

majority  of  the  data  points.  Values  of  4.07±0.6  x  10  M 
and  0.41±0.2  s  1  were  determined  for  P(4)  and  k,--. 
respectively . 

Since  the  k^  and  k^g  paths  (Scheme  10)  are 
apparently  not  contributing  significantly  to  ke  in 
the  pH  range  of  this  study,  as  implied  by  the  small  P(2) 
value,  then  the  mechanism  shown  in  Scheme  11  is  applicable 
to  3-methylhistidine .  Therefore  the  data  in  Table  20 
were  fitted  to  equation  (2.49)  and  the  experimental  and 
calculated  rate  coefficients  are  compared  in  Table  20. 

The  "best-fit"  values  of  the  parameters  are,  k-^  =(3.96 
±0 . 4 )  x  10  W1,  k01  =  43±8  s'1,  koc-K  „  =(2.42±0.4)x  10~5 
M  s  1,  and  kco  =  0.26±0.2  s  1,  where  the  error  estimates 

3  3 

are  approximate  95%  confidence  limits.  From  these 

constants,  values  of  P(l)  =  3.62  x  10  s  1  and  P(4)  = 

-7 

5.63  x  10  M  are  calculated  from  equations  (2.41)  and 
(2.43).  These  values  are  similar  to  the  results  of  the 
previous  interpretation  using  equation  (2.40),  as 
expected . 


The  reaction 


of  NiTRI (0H2) 3 


+  2 


with  histamine 
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The  observed  pseudo-first-order  rate  coefficients 
for  the  reaction  of  NiTRI (0H2 ) 3+2  with  histamine  (VII) 
are  listed  in  Table  21. 


VII 

The  data  for  histamine  give  a  linear  plot  of 

k  versus  L  at  pH  6.35  with  an  intercept  of  0.9  s  1 . 
exp  t 

Similar  plots  at  pH  6.59  and  pH  6.74  show  the  same  ligand 
dependence . 

The  structure  of  histamine  requires  that 

bidentate  chelation  occur  by  a  mechanism  similar  to 

that  shown  in  Scheme  10.  Therefore  the  k  values  in 

exp 

Table  21  were  fitted  to  equation  (2.40),  which  gave 

P(l)  =  ( 8 . 21±  0 . 8  )  x  10-11M  s’1,  P  ( 4  )  =  (.8 . 9±2)  x  10_8M  and 

— 1  —182—1 
k33  =1.13±0.2  s  .  Only  an  upper  limit  of  1.4  x  10  Ms 

was  determined  for  P(2),  implying  that  the  k^3  and  k^ 

paths  in  Scheme  10  are  not  contributing  significantly  to 

kg  an<^  thus  Scheme  11  can  be  applied.  A  least-squares 


■ 


. 
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Table  21 


Observed  Rate  Coefficients  for  the  Reaction  of  NiTRlCOH^)^ 


+  2 


with  Histamine 


a 


PH 

io3l.  ,m 

t 

k  ,  s  1 

exp 

k 

cald 

Cl 

• 

00 

o 

o 

2.54 

0. 922± . 05 

1.11 

5,9  0 

7.51 

1. 15± . 08 

1.31 

6  o  03C 

2.14 

1. 06± . 05 

1.12 

6.11c 

2.54 

1.14± .07 

1.17 

6,13 

2.32 

1. 01± . 06 

1.16 

6.14 

5.13 

1 . 4  4± . 04 

1.41 

6.15 

7.51 

1.811.08 

1.62 

6.17° 

2.14 

1.101 . 04 

1.16 

6.35 

2.14 

1.181.05 

1.24 

6.35 

7.51 

2.031.2 

2.06 

6.36 

2.32 

1.351.07 

1.28 

6.37 

4.12 

1.731.1 

1.59 

6. 39C 

2.14 

1.261.07 

1.27 

6.39 

5.13 

1.861.08 

1.79 

6.51 

2.32 

1.531.1 

1.40 

6.58 

5.51 

2.041.09 

2.35 

6.59 

2 . 14 

1.491.07 

1.42 

6.59 

8.25 

2.871.1 

3.07 
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Table  21  (cont'd) 


PH 

103Lt  , M 

k  ,  s  ^ 

exp 

,  b  -1 

k  .  ,  ,  s 
cald 

6.60 

4.12 

2.04±.07 

2.02 

6.73 

8.25 

3.98±.15 

3.77 

6.74 

2.14 

1.671.05 

1.57 

6.74 

5.51 

2.981.09 

2.87 

6.75 

4.12 

2.181.1 

2.38 

6.91 

5.51 

3.501.2 

3.52 

(a) 


(b) 


The  value  of  reported  is  the  average  of  10 

identical  runs  at  25°.  1=  0 . 30M (LiClO^ ) .  The  error 

limits  given  are  one  standard  deviation.  Total  [NiTRI]= 

-4 

(1.0-7. 5)  x  10  M  after  mixing.  BTB  indicator  (2.5  x 

-5  -4 

10  M)  and  MES  buffer  (4  x  10  M)  were  used  unless 

otherwise  stated. 

Calculated  using  equation  (2.49)  and  the  "best-fit" 

values  reported  in  the  text. 

-5 

BCP  indicator  (2.5  x  10  M) . 


(c) 
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fit  of  the  data  in  Table  21  to  equation  (2.49)  gives  "best- 
fit"  values  of  k±2  =(1.37±0.1)x  103M~1s~1,  k21  =  32±5  s-1, 

k35Ka4  =(4-24±0-3)x  10_6M  s"1  and  k53  =  1.16±0.2  s"1, 

from  which  the  calculated  rate  coefficients  (k  ,  ,)  listed 

cald 

in  Table  21  were  determined.  Values  of  P(l)  =  1.12  x  10  ^ 
-1  -7 

M  s  and  P(4)  =  1.32  x  10  M  are  calculated  from  the 
constants  given  above  using  equations  (2.41)  and  (2.43). 
These  values  are  similar  to  the  results  of  the 
previous  fit  to  equation  (2.40),  as  expected. 

+  2 

The  reaction  of  NiTRI(OH2)3  with  histidine  methyl  ester 


The  observed  pseudo-f irst-order  rate  coefficients 

+  2 

for  the  reaction  of  NiTRI(OH2)3  with  histidine  methyl 
ester  (VIII)  are  listed  in  Table  22. 


HN\^N 


VIII 


The  data  for  histidine  methyl  ester  gives  linear 


versus  L.  at  pH  5.96  and  at  pH  5.65,  with 
exp  t 


plots  of  k 
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Table  22 


Observed 

Rate  Coefficients  for 

with  Histidine 

the  Reaction  of 

Methyl  Ester3 

NiTRI (OH2) 3 

„  3 

,  -1 

,  b  -1 

PH 

10  Lfc  ,M 

k  ,  s 

exp 

kcald  's 

5.25 

5.13 

3.421.2 

2.96 

5c  54 

1.04 

1.061.04 

1.05 

5.55 

2.20 

1.951.09 

1.94 

5.55 

5.13 

4.041.2 

4.15 

5.57 

3.19 

2.591.09 

2.74 

5.66 

3.19 

2.811.2 

2.97 

5.70 

1.04 

1.181.04 

1.18 

5.85 

3.19 

3.331.1 

3.45 

5.86 

1.04 

1.331 . 08 

1.31 

5.86 

5.13 

5.4H.1 

5.42 

5.87 

2.20 

2.451.1 

2.50 

5.89 

6.18 

6.731.3 

6.63 

6.06 

6.18 

7.281.3 

7.48 

6.24 

6.18 

9.151.7 

8.44 

6. 54c 

6.29 

11.01.9 

10.6 

6„70C 

6.29 

11. 9+  .4 

12.0 

6. 87C 

6.29 

13.4+1 

13.7 
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Table  22  (cont'd) 

(a)  The  value  of  kg  reported  is  the  average  of  at 
least  9  identical  runs  at  25°.  1=  0 . 30M (LiClO^ ) . 

The  error  limits  given  are  one  standard  deviation. 

Total  [NiTRI ] =  (0.7-3. 5)  x  10  after  mixing. 

-5  -4 

BCP  indicator  (2 . 5  x  10  M)  and  MES  buffer  (2  x  10  M) 

were  used  unless  otherwise  indicated. 

(b)  Calculated  using  equation  (2.51)  and  the  "best-fit" 

values  reorted  in  the  text. 

-5  -4 

(c)  BTB  indicator ( 2 . 5  x  10  M)  and  PIPES  buffer (2  x  10  M) . 
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intercepts  of  0.3  s  ^  and  0 . 4  s  ^  respectively. 

Although  the  values  of  k^,.  and  ^21  this 
system  and  in  the  histidine  system  are  probably  similar, 
the  K  ^  values  are  likely  to  be  quite  different  because 
of  the  larger  K  2  value  of  VIII.  Therefore  it  is 

-f- 

expected  that  ^35^4/^21  >  (H  )  under  the  experimental 
pH  conditions,  and  equations  (2.38)  and  (2.39)  will 
simplify  to  give  an  equation  of  the  form 


exp 


|q(1)  (H+)  +  Q(2)|  Lt 
|Kal  +  <H+)(  |Ka2  +  (H+)( 


+  Q  ( 5)  (H  ) 


(2.51) 


The  parameters  in  equation  (2.51)  are  related  to  (2.38) 
and  (2.39)  by  the  expressions 

k.,K  , K  0 

Q  ( 1 )  =  *12Kal  +  46  a  —  (2.52) 

k35Ka4 

k21 

Q ( 2 )  =  (k43  +  k46^  KalKa2  (2.53) 


Q(  5) 


k53k21 


k35Ka4 


(2.54) 


A  least-squares  fit  of  the  data  in  Table  22 
to  equation  (2.51)  gives  "best-fit"  values  of  Q(l)  = 
(4 . 98±  0 . 3 ) x  10"3s-1,  Q  ( 2 )  =(9.77±2)x  10_1°M  s_1  and 
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5  - 1  —1 

Q(5)  =(1.03±0.4)x  10  M  s  .  These  were  used  to  determine 

the  calculated  rate  coefficients  listed  in  Table  22  for 

comparison  to  the  experimental  values.  The  error  estimates 

on  the  parameters  are  approximate  95%  confidence  limits. 

From  Q(2)  and  the  values  of  I<  ,  and  K  0  in 

a  JL  a  z. 

Table  17 ,  a  value  of  (k^  +  k^)  =  x  ^  i-s 

calculated  from  equation  (2.53).  The  contribution  to 

Q(l)  by  the  second  term  on  the  right-hand  side  of 

equation  (2.52)  can  be  determined  by  estimating  the  value 

of  k-r-K  „/k0,  for  VIII  from  the  results  for  histidine 
35  a4'  21 

and  the  known  pK  0  values  of  these  ligands.  This 

a  a 

approximation  predicts 


^k3  5Ka4^\ 

\  k21  /me 


3  5Ka4 


■21 


x 


*his 


(K 

(K 


o) 

a  2  me 
a2  ^  his 


4  x  10 


(2.55) 


where  me  and  his  refer  to  VIII  and  histidine  respectively. 
It  is  noted  that  this  estimate  is  consistent  with  the 
inequality  k35Ka4/k21  >  used  in  obtaining  equation 

(2.51).  Calculation  shows  that  Q(2)/(4  x  10  3)  <  Q(l), 
and  therefore  equation  (2.52)  reduces  to  Q(l)  =  ^^2Kal  ' 

or  k12  =  1.22  x  103M  ^s  In  addition,  if  k35Ka4/k21  = 

-  5  .  -1 

4  x  10  ~ M,  then  from  Q(5)  an  approximate  value  of  4  s 

is  determined  for  k^. 
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+  2 

The  reaction  of  NitOI^)^  with  histidine 

49  50 

The  results  of  previous  studies  '  of  this 
reaction  under  conditions  of  excess  nickel  (II)  suggest 
that  the  present  results  should  follow  the  rate  law 


k 


exp 


a 


K  -i  +  (H+) 
al  v  ' 


+  b 


(2.56) 


where  L^_  represents  the  total  histidine  concentration. 

The  results  in  Table  23  are  consistent  with  this  rate 

law.  as  evidenced  by  the  linear  plot  of  k  versus 

J  ^  exp 

L^./(Ka^  +  (H+)  )  shown  in  Figure  14.  Least-squares 

-3  -1 

analysis  gives  "best-fit"  values  of  1.88±0.08  x  10  s 
and  0.00±0.1  s  ^  for  a  and  b  respectively.  The  rate 
coefficients  calculated  from  these  parameters  are 
compared  in  Table  23  to  the  experimental  values. 

If  equations  (2.38)  and  (2.39)  derived 
previously  for  Scheme  10  are  to  be  consistent  with 
the  experimental  rate  law  (equation  (2.56),  then 


k12k35Ka4 


21 


) 


k^rK  ~K  „ 

•  rr  ,  /TT+\  .  /,  \  35a2a4 

+  k4 6Ka2  )  H  )  k4 3  k46)  ‘  T 

K21 


(2.57) 


and 


k 


35Ka4 


21 


>  (H+) 


(2.58) 


, 
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Table  23 

Observed  Rate  Coefficients  for  the  Reaction  of  NiCOIr^)^ 

with  Histidine 


pH 

io3l,  ,m 

t 

,  “1 
k  ,  s 

exp 

,  b  -1 

k  ->  ,  s 

cald  ' 

5 o  8 8° 

0.948 

0.6391.04 

0.902 

6. 08C 

0.948 

0. 963±. 04 

1.20 

6.31° 

0.948 

1.36±.05 

1.55 

6.52 

1.90 

3 . 75± . 1 

3.71 

6.53 

4.74 

8.99±.5 

9.33 

6  e  73 

1.93 

4.351.1 

4.29 

6.78 

1.90 

4.44±.2 

4.32 

6.81 

4.74 

10.81.6 

10.9 

6.99 

1.90 

4.85±.2 

4.68 

9 

O 

o 

4.74 

12.11.4 

11.7 

(a) 

The  value  of  k 

exp 

reported 

is  the  average  of 

at 

least  10  identical 

runs  at 

25° .  1=  0. 30M(LiClO4) . 

Error  limits  given 

[nickel  (II) ] =  8.00 

are  one 

x  10~5M 
- 1 

standard  deviation 

after  mixing.  BTB 

• 

-3 

indicator  ( 1 . 3  x  .10  M)  and 

were  used  unless  otherwise 

PIPES  buffer  (2  x 

indicated . 

10  M) 

(b) 

Calculated  using  equation 

(2.56)  and  the  values  of  a 

and  b  given  in  the  text. 

-3 

(c)  MES  buffer  (2  x  10  M) . 


141 


0  12  3  4  5  6 

lCf3  Lt  /|Kal  +  (H+)[ 


Figure  14.  A  plot  of  ke  versus  L^/  (K^  +  (H+)  )  for 

the  reaction  of  NiCOH^)^ 


with  histidine. 


With  these  approximations,  equations  (2.38)  and  (2.39) 
can  be  reduced  to  give 
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k  =  I  k,  0  + 
exp  l  12 


46  21  a 2 

k.[.K  . 
35  a4 


Kal  Lt 

Kal  +  (H+> 


k53k21(H  ) 

k35Ka4 


(2.59) 


Comparison  of  this  expression  with  equation ( 2 . 56 )  gives 


,  k4  6k21Ka2  ,  Tr 

3  = '  ki2  +  “7-7— 1  al 

35  a4 


(2.60) 


k53k21(H  * 

k35Ka4 


(2.61) 


From  equation  (2.58),  it  follows  that 


(k43  +  k46,Ka2  >  k46Ka2  (H+>  <2'62> 

21 


Equations  (2.62)  and  (2.57)  are  only  consistent  if 

k, „  >  k.^K  0k„,/k-cK  .  ,  and  so  equation  (2.60)  reduces 
12  46  a2  21  35  a4  ^ 

3  -1  -1 

to  k,  ~K  .  =  a,  or  k,  ~  =(2.85±0.1)x  10  M  s  .  The 
1 2  a 1  12 

observed  value  of  b=  0  is  consistent  with  equations 

(2.58)  and  (2.61),  if  k.^  is  small  as  expected  by 

+  2 

analogy  with  the  NiTRI(OH^)^  results. 

It  should  be  noted  that  the  k^  value  obtained 
from  this  interpretation  agrees  with  the  estimate  given 
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in  Appendix  C.  In  addition,  the  result  that  k^K^/k^  > 
10  is  quite  consistent  with  the  previous  estimate  of 
P ( 4 )  =  4  x  10“6M. 

+  2 

The  reaction  of  Ni(OH2)g  with  hercynine 

+  2 

Initial  kinetic  experiments  with  NiTRlCOH^)^ 
and  hercynine ( IX)  under  similar  concentration 
conditions  to  those  of  the  previous  studies  gave  very 
little  transmittance  change,  implying  that  product 
formation  is  less  favorable  in  this  system. 


f 


.CH2-CH-C02 
N  (CH3) 


+ 


IX 

Therefore  a  study  of  the  reaction  of  hercynine 
+  2 

with  Ni (OH~ )  ,  was  undertaken,  which  resulted  m  the 
2  6 

k  values  listed  in  Table  24.  In  order  to  increase 
exp 

the  amount  of  product  formed,  and  thus  optimize  the 
observed  transmittance  change,  the  nickel  (II) 
concentration  (Mfc)  was  kept  in  large  molar  excess  over 
the  hercynine  concentration  (L^) . 
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Table  24 


Observed 

Rate  Coefficients 

with 

for  the  Reaction 

Hercynine 

of  Ni  (0Ho)  *2 

2  6 

,  ~3 

-1 

b  -1 

PH 

10  ,M 

k  ,  s 

exp 

kcald  's 

5.68 

5.00 

4.191.2 

4.10 

5.78 

10.0 

5.311.2 

5.33 

5.94 

10.0 

5.681.3 

5.87 

5.98 

5.00 

4.631.1 

4 . 60 

6.09 

10.0 

6.311.2 

6.41 

6.12 

5.00 

4.831.2 

4.84 

6.28 

10.0 

7.021.2 

7.06 

6.49° 

10.0 

7.591.3 

7.70 

6.69° 

10.0 

8.391.7 

8.20 

6 . 8  6C 

10.0 

8.791.7 

8.52 

(a) 


(b) 


(c) 


The  value  of  k£  reported  is  the  average  of  at  least 

11  identical  runs  at  25°.  I  =  0 . 30M (LiClO^ ) .  The 

error  limits  given  are  one  standard  deviation.  Total. 

-3 

[hercynine]=  (0. 5-1.0)  x  10  M  after  mixing.  BCP 
indicator ( 7 . 0  x  10  ^M)  and  MES  buffer (4. 8  x  10  ^M) 
were  used  unless  otherwice  indicated. 

Calculated  using  equation  (2.63)  and  the  values  of 

a  and  b  given  in  the  text. 

-5  -2 

BTB  indicator (2 . 5  x  10  M)  and  PIPES  buffer(1.0  x  10  M) . 
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0  2  4  6  8 


10  3  [Ni  (OH2) 6  +  2l/|Kal  +  (H+)| 

+  ?  + 

Figure  15.  A  plot  of  k  versus  [Ni(OH,),  ]/(K  ,  +  (H  )) 

QXp  Z  D  dl 

for  the  reaction  of  Ni(0H~), 

Z  b 


with  hercynine. 
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The  results  in  Table  24  give  a  linear  plot 
of  kg  versus  [Ni  (OH^ )  ^  +  2 ]  /  (K^  +  (H+)  )  as  shown  in 
Figure  15,  indicating  that  the  rate  law  has  the  form 


k 

exp 


a[Ni(OH2)6+2] 
Kal  +  (H+) 


(2.63) 


Least-squares  analysis  gives  "best-fit"  values  of 
a  -  5.50±0.2  x  10  ^s  ^  and  b  =  3.18±0.2  s  ^ .  The  rate 
coefficients  calculated  from  these  parameters  are 
compared  in  Table  24  with  the  experimental  values. 

A  consideration  of  the  structure  of  hercynine 
shows  that  bidentate  coordination  can  only  occur  by  a 
mechanism  analogous  to  that  shown  in  Scheme  8.  Re-analysis 
confirms  that  equations  (2.20)  and  (2.21)  are  valid  for 
the  present  experimental  conditions  of  M^_  >  L^.  In  order 
for  equation  (2.20)  to  be  consistent  with  (2.63),  it  is 
required  that  B(4)  >  (H+)  and  B(2)  >  B(l) (H+) ,  with  B(4) , 

B ( 2 )  and  B(l)  defined  as  in  equations  (2.25),  (2.24)  and 

(2.23)*  Thus  equations  (2.20)  and  (2.21)  reduce  to  give 


k 


exp 


+ 


k43k35Kal\  [Ni(OH2)6+2] 
k35  +  k34  /  Kal  +  (H+> 


-f  k 


53 


(2.64) 


Comparison  of  equations  (2.63)  and  (2.64)  results  in  a/K 

a  j. 

k46  +  k43k35//^k35  +  k34^  =  (6.17±0. 2  )x  102M  1s  1,  and  b=  k52= 
3.2  S-1. 


147 


The  reaction  of  NiTRI(OH2)3 


+  2 


with  glycine 


The  pseudo-fir st-order  rate  coefficients  for 

+  2 

the  reaction  of  NiTRI(OH^)^  with  glycine  are  listed 

in  Table  25.  By  analogy  with  the  results  of  a  similar 

+  2 

study  of  the  reaction  of  NiCOt^)^  with  glycine, 
the  kinetic  data  in  Table  25  are  expected  to  follow 
the  rate  law 


k 

exp 


a  [Z] 

Ka2  +  (H''> 


+  b 


(2.65) 


where  [Z]  is  the  concentration  of  the  reactant  in  excess, 
in  this  case  histidine  (L^) .  This  is  confirmed  by  the  linear 
plot  of  k^  versus  +  (H+)  )  shown  in  Figure  16,  from 

which  values  of  a=  (2 . 88±0 . 4 ) x  10  ^s  ^  and  b  =(7.7±4)x  10  ^s  ^ 
were  determined  by  least-squares  analysis.  The  rate 
coefficients  calculated  using  these  parameters  in  equation 
(2.65)  are  compared  in  Table  25  to  the  experimental 
values . 


Although  Scheme  7  was  used  in  the  introduction 

+  2 

to  interpret  the  results  for  the  reaction  of  NMOf^)^ 
with  glycine,  the  more  complete  mechanism  shown  in 
Scheme  12  will  be  applied  in  the  analysis  of  the  present 


results . 


Table  25 


Observed 

Rate  Coefficients 

with 

for  the  Reaction 

Glycine3 

of  NiTRI (OH2) 3+? 

2 

,  -1 

,  b  -1 

PH 

10  Lt  ,M 

k  ,  s 

exp 

kcald  's 

6.20 

10.0 

0. 634±  .03 

0.535 

6.20 

7.00 

0. 459± . 01 

0.397 

6.21 

7.38 

0.457± .03 

0.423 

6.21 

3.00 

0 . 221± . 02 

0.218 

6.22 

5.87 

0. 394± .02 

0.359 

6.23 

3.03 

0.217+.01 

0.226 

6.42 

3.00 

0. 315+ .03 

0.305 

6.61 

3.00 

0 . 465± . 01 

0.430 

6 . 71C 

3.00 

0. 533+ .05 

0.522 

6. 86C 

1.00 

0. 234+. 01 

0.287 

6.86° 

3.00 

0. 749+. 04 

0.705 

6.98° 

1.00 

0.355+ . 02 

0.353 

7.00° 

3.00 

0.984+ . 03 

1.20 

(a) 


The  value  of  reported  is  the  average  of  at 

least  8  identical  runs  at  25°.  1=  0.30  M(LiClO^). 

The  error  limits  given  are  one  standard  deviation. 

-4  .  . 

Total  [NiTRI ]  =  2.0  x  10  M  after  mixing.  BTB 


' 


j£.  sr  vavs  -irtJ  ai  bsirioq**  h  io  sulev  sriT  (fi 
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Table  25  (cont'd) 

_5  -  3 

indicator  (2.5  x  10  M)  and  MES  buffer  (4.0  x  10  M) 
were  used  unless  otherwise  indicated. 

(b)  Calculated  using  equation  (2.65)  and  the  values  of 
a  and  b  given  in  the  text. 

(c)  PIPES  buffer  (4.0  x  10  ^M) . 


exp 
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Figure  16. 


A  plot  of  k  versus  L,  / (K  „  +  (H+) )  for  the 
^  exp  t  a2 

+  2 

reaction  of  NiTRI (Ot^ ) ^ 


with  glycine. 
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Scheme  12 


O-NH  +  M 


M-O-NH 


O— N 


+  M 


0— N 


k 


46 


+  M 


The  symbols  0— NH  and  0— N  represent  the 

zwitterionic  C02  )  and  anionic  (H2N-CH2— CC>2  ) 

forms  of  glycine  respectively.  All  of  the  approximations 

used  previously  in  the  kinetic  analysis  of  Scheme  8  are 

valid  for  this  system,  except  that  the  acid  dissociation 

constant  of  the  monodentate  species  M— 0— NH  (K  will 

be  much  smaller  than  the  analogous  constant  K  ~  in  Scheme  8. 

The  effect  of  coordination  of  glycine  to  the  metal  ion 

-9 

likely  results  in  K  ~  <  K  „  -  1  x  10  M.  With  this  estimate 
J  a2  a4 

of  ,  the  evaluation  of  k23  using  equation  (2.14) 

+  + 

indicates  that  k22  -  k^K^/  (H  )  =  )  •  Comparison 

4-1 

to  the  estimate  of  k2^  >  10  s  (Appendix  C)  shows  that 
k21  >  k23  the  exPer^mental  PH  range. 


■ 
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Simplification  of  the  computer-derived 

expressions  shown  in  Appendix  C  for  Scheme  8,  and 

substitution  of  [HL]  =  (H+)L./(K  0+  (H+) )  and  [L]  = 

t  a  a 

Ka2Lt//  ^Ka2+  ^  7  ^ives 


k12k35k32Ka4 


"21 


+[k.-k-c  +  k/,,(k_c+  k0„  +  k__))K  - 
1  43  35  4635  34  32  a2 


( 


(2.66) 


Ka2  +  (H  W  (k35+  k34+  k32^ 


and 


k 

r 


(k64k56  +  k65k53>  (k34  +  k 

(k65  +  k56’ (k35+  k34+  k 


32 


32 


) 

) 


(2.67) 


Combination  of  equations  (2.66)  and  (2.67)  and 
comparison  to  the  experimental  rate  law  (equation  (2.65)) 
gives 


k_,  / k, nk- ~K  „ 
35  /  12  32  a 4 


K 


+  k . 0K  ~ 
43  a2 


a2 


"21 


+  k 


K 


a2 


(k35+  k34+  k32) 


46 


(2.68) 


-9  -4  -1 

For  K  .  -  1  x  10  M  and  k_K  -  2  x  10  Ms 
a4  3  w 

5-1-1 

as  given  previously,  then  k^2  -  2  x  10  M  s  ,  and  so 


k32  >  k34  ~  k35*  From  detailed  balancing,  and  with  k32>  k^  , 
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it  follows  that 


k, 0k_0K  A 
12  32  a4 


‘21 


k._k__K  0 
43  32  a2 


‘34 


>  k„,.K  0 
4  3  a2 


(2.69) 


and  simplification  of  equation  (2.68)  leads  to  (a/K  0)  = 

a 

(k12k35Ka4/k21Ka2)  +  k46  =  (k4 3k35/k34 }  +  k46 
(1 . 48±0 . 2) x  loW1. 

From  detailed  balancing  in  Scheme  12,  it  can 

also  be  shown  that  k^.k-,  =  k..r_k,__1k.,k_  ./k  .  _k_  _ . 

64  56  65  53  46  34  43  35 

Simplification  and  rearrangement  of  equation  (2.67), 

with  the  added  approximations  that  k^  -  k^^  and  k^  -  k^ 

_  2  _  ^ 

gives  the  estimate  k^^  -  b  =(7.7±4)x  10  s 
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+  2 

The  reaction  of  NiTRI  (OI^)^  with  1-methylhistidine 

51 

The  results  of  a  previous  study  of  the 

+  2 

reaction  of  1-methylhistidine  (X)  with  NiCOI^)^  indicate 
that  initial  complexing  occurs  with  the  nitrogen  at  the  3- 
position  of  the  imidazole  ring,  followed  by  addition  of 
a  second  nickel  (II)  ion  to  the  glycine  end  of  the  first 
ligand  molecule. 


X 

Since  the  reaction  conditions  of  this  present  study  differ 
from  those  of  the  previous  study,  in  that  the  histidine 
is  the  reactant  in  excess,  the  formation  of  a  binuclear 
complex  of  NiTRI  is  considered  unlikely.  Also,  in 
contrast  to  the  previous  study,  the  present  data  follow 
a  simple  pseudo-f irst-order  rate  law  and  thus  a 
consecutive  mechanism  is  not  required. 

Molecular  models  indicate  that  bidentate 
coordination  of  X  to  NiTRI  can  occur  only  through  the 
glycine  end  of  the  molecule.  Therefore  the  reaction  of 
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+  2 

NiTRlCOF^)^  with  1-methylhistidine  will  be  assumed  to 
proceed  by  a  mechanism  analogous  to  that  shown  in  Scheme 
9  under  the  experimental  conditions  of  this  study.  Since 
all  of  the  approximations  used  in  the  derivation  of 
equations  (2.34)  and  (2.35)  are  expected  to  be  valid  in 
this  system,  the  kinetic  results  listed  in  Table  26 
should  follow  a  rate  law  of  the  form  of  equation  (2.36). 
Attempts  to  find  suitable  initial  estimates  of  the 
parameters  in  equation  (2.36)  indicated  that  a  simpler 
rate  law  might  be  sufficient  to  describe  the  results, 
and  this  was  confirmed  by  the  plot  of  k  versus 
L^/ (Kaj +  (H+) ) (Ka2+  (H+) )  shown  in  Figure  17.  Therefore 
the  data  in  Table  26  are  consistent  with  a  rate  law 
of  the  form 

a  L 

k  =  — - - - - - - — r —  +  b  (2.70) 

GXP  (Kal  +  (H  ) )  (Ka2  +  (H  )  ) 

-12 

Least-squares  analysis  gives  values  of  a  =(3.5±l)x  10  Ms 
and  b  =  0<,14±0.03  s  \  and  the  rate  coefficents 
calculated  from  these  parameters  are  compared  in  Table  26 
to  the  experimental  values. 

Simplification  of  equation  (2.34)  is  required 
for  consistency  with  the  experimental  rate  law,  equation 
(2.70) .  Estimation  of  the  denominator  of  (2.34),  with 


' 
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Table  26 


Observed  Rate  Coefficients  for  the  Reaction  of  NiTRItOJ^)^ 

with  l-methylhistidinea 


+  2 


PH 

103Lt  ,M 

k  ,  s  ^ 

exp 

v  b  -1 

k  .  ,  s 

cald  ' 

6.00° 

7.40 

0.269±.03 

0.162 

6.10 

1.08 

0.1231.01 

0.145 

6.11 

2.80 

0.1671.01 

0.153 

6.22d 

1.82 

0.1381.01 

0.153 

6.43C 

7.40 

0.3201.03 

0.251 

6.53d 

1.82 

0.1791 . 01 

0.180 

6.58 

2.80 

0.2281.02 

0.212 

6.69 

1.08 

0.1771.01 

0.180 

6. 81d 

1.82 

0.2391.01 

0.239 

6.83° 

7.40 

0.5541.04 

0.564 

6.97 

1.08 

0.2211.01 

0.235 

7.03 

2.80 

0.3921.03 

0.430 

(a)  The 

value  of  k 

exp 

reported  is  the  average 

of  10 

identical  runs  at  25°.  1=  0.30M  (LiClO^).  The  error 

limits  given  are  one  standard  deviation.  Total 

-4  .  . 

[NiTRI ]  =  (1. 6-4.0)  x  10  M  after  mixing.  BTB 
indicator  (2.5  x  10_5M)  and  PIPES  buffer (2  x  10_4M) 
were  used  unless  otherwise  indicated. 
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Table  26  (cont'd) 


(b)  Calculated  using  equation  (2.70)  and  the  values  of 
a  and  b  given  in  the  text. 

(c)  No  buffer  used. 

(d)  PIPES  buffer  (8  x  10~4M) . 


. 
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159 


k78~k21~  ^ t  Ka3=Kai  =  2.6  x  10  ^M(Table  17)  and 

3  -1 

k72~k-lKa3  =  2.6  x  10  s  ,  indicates  that  the  inequality 


( k  7  8  +  k72)Ka3 


k78k72 


>  (H+) 


(2.71) 


rather  than  its  converse  will  be  approximately  valid 
for  the  pH  range  of  this  study.  Consistency  with 
equation  (2.70)  then  requires  the  approximation 


k78  +  k72 

k  k 
78  72 


K  -  k0,k._K  0  +  k. „k_  „K  .  > 

a3\  21  43  a2  12  32  a4  / 


k78  Kal 


(2.72) 


Analysis  of  this  expression  shows  that  it  will  be  valid 

when  ^21~k78  >  k72  an<^  Ka3~  )  *  T^e  same  approximations 
were  made  to  obtain  equation  (2.71).  Simplification  of 
equation  (2.34)  using  (2.71)  and  (2.72)  gives 


kf  = 


k.^k_,_K  ,K  ~(k_„+  k__) 
43  35  al  a2  34  32 


(k35+  k34+  k32)  k34 


I  Kal+  (H+)HK^2+  (H+)( 


(2.73) 


a2 


From  a  comparison  of  equations  (2.73)  and  (2.70),  it 


follows  that 
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K  ,K  0 
al  a2 


k._k_t-(k_/1+k_~)  -3  -1  -i 

43  35  34  32  =(5.3±l)x  loVV1 


(k35+  k34+  k32)  k34 


(2.74) 


and  from  equations  (2.35)  and  (2.70), 


k53  (k34  +  k32) 

(k35^  k34+  ^32^ 


0 . 14±0 . 03  s 


(2.75) 


Nuclear  Magnetic  Resonance  Measurements 


The  nmr  experiments  to  be  discussed  here  were 

undertaken  to  clarify  the  denticity  of  the  ligands  used 

in  the  kinetic  studies.  Previous  nmr  line-broadening 

59  +2 

measurements  on  NiTRI  (0112)2  in  water  indicate  that 
at  a  temperature  of  25° ,  the  solvent  proton  longitudinal 
relaxation  time  T^  will  be  controlled  by  the  rate  of 
relaxation  of  the  solvent  protons  in  the  first  and 
outer  coordination  spheres  of  the  metal  ion.  Thus  it 
is  expected  that 


(V 


-1 


[M] 


n (Tll ) 


-1 


fH2°] 


+  (Tlo> 


-1 


(2 


where  Tn  n  and  T,  are  the  relaxation  times  for  solvent 
11  lo 

protons  in  the  first  and  outer  coordination  spheres  of 

the  metal  ion  M  respectively,  n  is  the  number  of 

coordinated  water  molecules  in  the  inner  sphere,  and 

T^a  is  the  relaxation  time  in  the  pure  solvent.  When 

a  ligand  is  added  to  a  solution  of  the  metal  ion  M, 

the  average  number  of  coordinated  water  molecules  will 

decrease  due  to  replacement  by  ligand  molecules,  and 

thus  (T^  )  ^  is  expected  to  decrease. 

The  above  prediction  is  in  agreement  with  the 

+  2 

data  obtained  from  the  titration  of  NiTRI (OI^)^ 


with 
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L-histidine,  as  shown  in  Table  27.  Assuming  that  only 
one  product  ML (0H2 )  (containing  one  histidine  molecule 
per  nickel  atom)  is  formed,  then  the  total  concentration 
of  nickel (II)  species  can  be  represented  by 


M.  =  [M (0H„ ) _ ]  +  [ML (0H9 )  ]  (2.77) 

t  2  3  2  n 

+  2 

where  M(OH2)3  represents  NiTRI(OH^)^  .  Then,  since 
the  relaxation  rates  from  the  two  species  are  additive, 
equation  (2.76)  gives 


I 


[M(0H2) 3] 


+ 


n 


T12/[H20] 


+ 


lo 


[ML(0H2)n] 

M. 


rm  [m(oh2)3] 


+ 


RML  IML(0H2)n] 


(2.78) 


where  (T^)-1  and'(T12)-1  refer  to  the  relaxation  times 
of  protons  in  the  first  coordination  sphere  of  the 
reactant  M(OH2)3  ,  and  product  ML(0H2)n  ,  respectively. 
The  concentrations  of  the  species  are  related  by  the 


definitions 
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Table  27 

+  2  a 

Results  of  nmr  Titration  of  NiTRI (OH^ ) ^  with  L-Histidine 


3 

2  -1 

10  ,M 

10  Lt  f M 

10 

rml  ’s 

3.865 

0.388 

5.29 

3.689 

0.740 

4.78 

3.521 

1.078 

4 . 39 

3.374 

1.371 

3.94 

3.236 

1.648 

3.55 

3.112 

1.897 

3.16 

2.992 

2.139 

2.79 

2.880 

2.36 

2.53 

2  779 

2.566 

2.22 

2.672 

2.782 

2.04 

2.587 

2.953 

1.98 

2.432 

3.264 

1.80 

2.899 

6.001 

1.44 

2.536 

r- 

00 

• 

r- 

1.53 

1.3  53 

14.00 

1.34 

(a)  The  measurements 

were  made  at  25 

°  in  0.10  M 

MES 

buffer  at  pH  =  6 

.  20  .  R_,  and  T. 

M  la 

are  given  in 

Table  28 


164 


[ML(OH2)  J  ( H  * )  [HL]  (H+)  [L] 

61  =  - - »  K  = - - -  '  K  9=  -  (2.79) 

[M(OH2)3J[L]  al  [H2L]  3  [HL] 

and 

Lt  =  [H2L]  +  [HL]  +  [L]  +  [ML(OH2)n]  (2.80) 

where  L^  refers  to  the  total  histidine  concentration, 
and  H2L,  HL,  and  L  represent  III,  IV,  and  V  respectively. 
From  these  definitions,  it  can  be  shown  that 


B1  /(H+)2+  Kal(H+>  +  KalKa2  \  fT ,  2 

L  L  J  + 

K  ,  K  - 
al  a2 


(2.81) 


(HV  +  Kal(H+)  +  KalKa2 
KalKa2 


+  Bi<Mt-  v  [LI  '  Lt  =  0 


Substitution  for  [M(OH2)3]  and  [ML(OH2)n]  in  equation 
(2.78)  using  (2.77)  and  the  definition  of  6^  gives 


R 


M 


T 


IP 


(1  +  61[L]) 


+ 


*MLgl[L] 

(1  +  $3_  [L]  ) 


(2.82) 


The  value  of  R„„  is  determined  from  the  initial  value 

M 


Of  (T  ) 


(when  [L]  =  0),  and  equation  (2.81)  can  be 


solved  for  [L]  in  terms  of  the  known  values  of  K  ,  , K  0  , 

a  i  az 


M 


,  and  L^.  Thus  the  experimental  data  in  Table  27  can 


&iV 


be  fitted  to  equation  (2.82)  to  give  "best-fit"  values 
of  B1  =  (1 . 7±0 . 4 ) x  107M-1and  RML  =(1.3±0.2)x  102s_1. 


The  value  of  3^  determined  here  for  the  NiTRI (0H2 ) 2  +  2- 
histidine  system  is  25  times  smaller  than  the  value 
of  4.3  x  108M~1(25°/  1=  0 . 1M)  for  the  Ni(OH2)6+2- 
histidine  system. 

The  results  of  preliminary  nmr  measurements 
of  the  "limiting"  values  of  (T^  )  ^  (R^)  at  large 
(L^/M^)  ratios  for  several  similar  ligands  are  shown 
in  Table  28. 

If  it  is  assumed  that  T.  ,  =  T-.  ~  and  that  T, 

11  12  lo 

is  the  same  for  both  M(OH2)^  anc^  ML(OH2)n,  t^ien  by 
equating  the  terms  on  the  right-hand  side  of  equation 
(2.78),  it  can  be  shown  that 


n 


•°Kl  -  (Tlo)_1} 


R. 


M 


(Tlo} 


-1 


(2 


The  formation  of  a  tridentate  complex  is  expected  to 
be  most  favorable  with  the  ligand  MIDA,  and  so  its 
value  of  56  s  ^  may  be  used  as  a  reasonable  estimate 
of  (T1q)  ■*"  in  equation  (2.83).  It  should  be  noted  that 
the  assumptions  about  T^q  are  quite  critical  for  small 
n  values  because  then  the  values  of  R  and  (^  )  ^  are 

most  similar. 

A  comparison  of  the  R  and  n  values  in  Table 

MIj 


#1  [  ^  T»  v° 


Summary  of  nmr  Titration  Results  for  NiTRI (OH 
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calculated  from  the  kinetic  results  (see  text)  . 
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28  indicates  that  hercynine  and  histamine  (at  pH  6.20) 
are  monodentate.  Since  none  of  the  relaxation  times  in 
equation  (2.83)  should  be  pH  dependent,  the  results  for 
histamine  at  pH  6.96  indicate  a  tendency  toward  bidentate 
chelate  formation  as  the  pH  increases.  This  observation 
is  consistent  with  the  kinetic  results,  which  give  the 
monodentate  to  bidentate  ratio  as  ^53  (H+)  /k^K^  ’ 

Values  of  n  calculated  from  the  kinetic  results  are 
given  in  parentheses  in  Table  28,  and  are  in  qualitative 
agreement  with  the  nmr  results. 

Histidine  methyl  ester  appears  to  be  bidentate 
with  one  remaining  coordinated  water  molecule.  This 
is  consistent  with  the  expectation  that  the  ester 
function  will  not  coordinate  readily. 

For  histidine,  the  kinetic  values  of 
k,-^  (H+)  and  the  nmr  results  a1ree  in  that  they  both 

indicate  bidentate  chelation.  It  is  interesting  to  note 
that  the  value  of  n  calculated  for  histidine  suggests  that 
about  one-half  of  the  histidine  is  tridentate.  This 
observation  is  consistent  with  earlier  arguments  based 
on  molecular  models  that  L-histidine  could  be  tridentate 
with  one  isomer  of  NiTRI  and  bidentate  with  the  other. 


CONCLUSION 


In  this  work,  two  new  methods  have  been 

developed  for  the  resolution  of  the  optical  isomers  of 
+  2 

NiTRlCOH^)^  •  Both  methods  are  based  on  the  specificity 

of  the  reaction  between  the  nickel  (II)  complex  and 

D  (or  L ) -histidine .  In  one  case  resolution  is  achieved 

by  ion-exchange  chromatography  and  in  the  other  by 

fractional  crystallization  of  a  perchlorate  salt. 

+  2 

Resolutions  of  NiTRI (OH2)3  by  chromatography  on 
cellulose,  and  on  potato  starch,  have  been  reported  by 
Taylor  and  Busch. ^  They  found  maxima  in  the  ORD 

spectrum  of  t ^ ^  2  8  3  =  “  2.0  x  105deg  M  ^dm  1  and  [ $ ] 2 5 4  = 

+  6.6  x  104deg  M-1dm-1  for  (+)  36NiTRI (OH2 ) 3+2 .  These 

values  are  in  good  agreement  with  the  results  of  the 

present  work  reported  in  Table  16.  Thus  it  appears  that 

essentially  complete  resolution  has  been  achieved. 

Experience  gained  during  this  work  indicates  that 
+  2 

NiTRI (OH2 ) 2  forms  a  number  of  moderately  to  slightly 
soluble  perchlorate  salts  with  amino  acid  ligands.  Thus 
NiTRI (OH2)3  might  prove  to  be  a  useful  resolving 


agent  for  amino  acids. 

The  absolute  configuration  of  the  NiTRI (OH2)3 
isomers  is  still  unknown.  However,  the  least  soluble 
precipitate  contains  L-histidine  and  NiTRI (OH2)3 


+  2 


+  2 
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The  CHN  analysis  and  nmr  results  suggest  that  the 
histidine  is  bidentate  in  this  complex.  Molecular 
models  indicate  that  1-histidine  should  favor  bidentate 
rather  than  tridentate  chelation  with  the  A 
configuration  of  NiTRItOI^)^  implying  that  this 
is  the  absolute  configuration  of  the  (+)43g  isomer. 

There  are  many  precedents  for  stereospecific 
ligand  binding  in  metal  complexes,  and  the  bis- 
(hi stidino) nickel ( II )  system  has  been  widely  investigated 
among  others.  The  results  of  these  studies 

show  that  the  suggestions  in  the  previous  paragraph 

should  be  treated  with  some  caution.  For  example, 

70  71  72  73 

several  potentiometric  '  and  calorimetric  ' 

studies  have  indicated  that  the  mixed  complex 

(1-his tidino) (L-histidino) nickel ( II )  is  more  stable 

than  the  complex  containing  only  one  isomer  of  histidine, 

whereas  solids  isolated  for  crystal  structure 

determination  always  contain  nickel (II)  complexes  of 

only  one  histidine  isomer.  Thus  a  solution  of  racemic 

histidine  yields  equal  amounts  of  b is- (L-histidino) - 

nickel  (II)  and  b is- (L-histidino) nickel (II ) ,  and  none 

74 

of  the  mixed  species.  This  is  an  example  of  the 
crystalline  product  not  representing  the  major  species 
in  solution. 

70 

Molecular  models  have  been  used  to  predict 


■ 


. 
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that  the  imidazole  groups  should  always  be  trans .  In  the 

racemic  bis  histidino  complex,  this  prediction  results 

in  a  trans  arrangement  of  the  remaining  donor  groups, 

whereas  in  the  optically-pure  complex,  the  other 

coordinated  atoms  are  expected  to  be  cis .  The  crystal 

structures  of  bis-  (L-histidino) nickel (II)  and  bis- 

( L-histidino) nickel  ( II ),  "^  and  also  of  the  analogous 

7  5 

optically-pure  cobalt  (II)  complexes,  conform  to  this 
prediction.  However,  the  crystal  structure  of 

•7  r 

(L-histidino)  (L-histidino) cobalt  (II )  has  a  completely 
cis  configuration,  even  of  the  imidazole  groups.  It  is 
not  known  whether  the  models  give  an  incorrect  prediction, 
or  if  crystal  forces  result  in  solids  which  are  non¬ 
representative  of  the  species  in  solution.  The  fact 
that  the  mixed  complex  can  be  isolated  with  cobalt (II) 
but  not  with  nickel  (II)  is  also  puzzling. 

It  has  been  suggested  earlier  in  this  work  that 

the  denticity  of  histidine  may  depend  on  which  optical 

+  2 

isomers  of  NiTRI(OH2)^  and  histidine  are  involved. 

The  nmr  results  (Table  28)  indicate  that  about  equal 

amounts  of  tridentate  and  bidentate  complexes  are 

+  2 

present  in  a  solution  of  racemic  NiTRI(OH2)2  and 
excess  L-histidine.  This  possibility  does  not  seem 
to  have  been  considered  previously  as  a  factor  in 
stereospecific  interactions  in  the  bis  (histidino ) - 


’ 
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nickel  (II)  or  cobalt (II)  systems,  although  there  is  no 
unequivocal  evidence  to  the  contrary  at  present.  This 
last  statement  assumes  that  the  solids  isolated,  which 
always  contain  tridentate  histidine,  may  not  represent 
the  major  species  in  solution.  This  assumption  seems 
justified  from  the  previous  discussion  . 

The  kinetic  data  from  this  study  show  that 
coordination  of  the  imidazole  and  amine  nitrogens 
controls  the  rate  of  complex  formation,  but  subsequent 
binding  by  the  carboxylate  oxygen  is  still  possible. 

More  extensive  nmr  studies  such  as  those  initiated 
here  seem  to  be  the  best  way  to  answer  the  question  of 
the  stereospecificity  of  the  denticity  of  histidine. 

The  kinetic  results  for  the  reactions  of  the 

+  2 

histidine  derivatives  with  NiTRI (OK^)^  are  summarized 
in  Table  29.  The  formation  rate  constants  for  the 
neutral  ligands  histidine  (k.^)  ,  3-methylhistidine  (k^  )  • 
and  histidine  methyl  ester  (k^  +  k^)  are  all  similar 
to  each  other,  and  larger  than  the  rate  constants  for 
the  unipositive  ions  of  histamine (k^ ^ )  an^  histidine 
methyl  ester  (k^)  •  This  correlation  with  ligand  charge 
is  consistent  with  the  dissociative  ion  pair  mechanism 
discussed  in  the  introduction  to  this  chapter.  The  S  IIP 
mechanism  assumes  that  the  rate  constant  for  dissociative 
water  loss  (k  )  is  relatively  independent  of  the  ligand, 
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whereas  the  ion  pair  formation  constant  (Kq)  depends  on 

ligand  charge.  Formation  rate  constants  are  predicted 

by  this  mechanism  to  have  the  value  k  K  . 

ex  o 

The  rate  constants  for  dissociation  of  NiTRI 

from  the  imidazole  nitrogen  (k 2 1 )  are  verY  similar  for 

the  three  ligands  for  which  values  could  be  obtained. 

77 

From  a  number  of  studies  it  has  been  found  that 

formation  constants  (k-^/k^i)  parallel  ligand  basicity. 

However  the  SX11IP  mechanism  requires  k,  „  to  be 

independent  of  the  ligand  basicity.  Therefore  k^-^ 

should  decrease  as  ligand  basicity  increases.  Somewhat 

surprisingly,  considering  the  uncertainties,  the  k^-^ 

values  in  Table  29  do  parallel  the  K  ^  values.  Steric 

and  charge  effects  might  also  influence  k^-^  ,  but  the 

results  are  too  limited  and  inaccurate  to  illustrate 

such  effects  at  present. 

It  is  convenient  at  this  point  to  discuss 

the  kc_,  values,  since  they  also  refer  to  a  ligand 
D  3 

dissociation  reaction,  the  chelate  ring-opening.  The 

kinetic  factors  influencing  k21  should  also  be  operative 

on  kro.  However,  a  simple  basicity  correlation  apparently 
5  3 

does  not  apply  to  k^  ,  since  histamine  with  the  most 

basic  amino  group  has  the  largest  k^^  value.  Even  after 

considering  the  experimental  uncertainties,  there  is 

no  doubt  that  k,--,  for  histamine  is  much  larger  than 

D  3 


■ 
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that  for  histidine  or  3-methylhistidine .  In  analysing 
this  result,  it  is  necessary  to  decide  whether  the 
histidine  value  is  unusually  small,  or  if  the  histamine 
value  is  unusually  large.  Unfortunately  there  is  no 
clear  precedent  for  either  value  in  the  literature. 
Ethylenediamine ,  with  a  similar  basicity  to  histamine 
(Ka2=  1x10  ^M)  ^  has  a  much  smaller  value  of 


0.18  s 


-1  78 


but  forms  a  chelate  ring  which  is  one  atom 


smaller  than  that  of  histamine.  The  effect  of  ring  size 

on  can  be  estimated  from  a  comparison  of  the 

6  5 

formation  constants  of  the  nickel  (II)  complexes  of 

ethylenediamine  and  1 , 3-diaminopropane ,  the  latter  of 

which  forms  a  six-membered  ring  like  histamine.  If  all 

of  the  other  rate  constants  are  assumed  to  remain 

constant,  then  an  increase  in  the  ring  size  from  five 

to  six  is  predicted  to  produce  a  10  fold  increase  in 

k^^-  This  is  probably  an  upper  limit  estimate  because 

the  rate  constant  for  ring-closure,  k^,  might  decrease 

with  increased  ring  size,  and  this  would  have  the  same 

effect  on  the  overall  formation  constant  as  an  increase 

in  k,--..  In  addition,  the  ethylenediamine  k.,  value  refers 
_>  3  jj 

+  2 

to  ring-opening  of  the  complex  (en) Ni (OI^ ) ^  rather 

+2  .... 
than  (en)NiTRI (OH^)  .  With  these  limitations  m  mind, 

the  comparison  with  ethylenediamine  predicts  k5^  <  1.8  s 

for  histamine,  in  reasonable  agreement  with  the  measured 


-1 
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value  of  1.2  s  ^ .  This  leads  to  the  conclusion  that  k 


53 


for  histidine  and  3-methylhistidine  are  unexpectedly  small. 

Perhaps  some  electrostatic  attraction  between  the 

carboxylate  group  and  the  metal  ion  serves  to  inhibit 

ring-opening  at  the  amino  group. 

The  values  of  k^K  ^  cannot  be  analysed  readily 

because  K  ^  is  unknown.  It  would  be  interesting,  however, 

to  at  least  estimate  k_.-  ,  since  the  values  should  be 

3d 

similar  for  all  of  these  ligands  if  the  rate  of  chelate 

ring-closure  is  controlled  by  dissociation  of  a 

coordinated  water  molecule.  The  value  of  K  ^  is  expected 

to  parallel  K ^  •  and  if  the  simplest  assumption  K^=  K  2 

4-1  4-1 

is  made,  then  k^,-  values  of  3.3  x  10  s  ,  5.0  x  10  s  , 

4  -1 

and  4.0  x  10  s  are  calculated  for  histidine,  3-methyl¬ 
histidine,  and  histamine  respectively.  These  values 

are  similar  to  each  other  and  to  the  rate  constant  for 

+2  4  -1  59 

water  exchange  on  NiTRI (OH2 ) ^  (3.8  x  10  s  ),  as 

expected  for  a  dissociative  ring-closure  mechanism. 

A  collection  of  kinetic  results  for  the  reactions 

+2  .  .... 
of  Ni(QH~),  with  histidine  and  its  derivatives  is  shown 
z  0 

in  Table  30.  Before  comparisons  can  be  made,  it  is 

necessary  to  examine  the  disagreement  between  Cassatt 

50  4  9 

et  at.  and  Letter  and  Jordan  on  the  reaction  of 

+  2 

histidine  with  NiCOI^)^  .  Cassatt  et  al .  interpreted 
their  data  in  terms  of  reaction  of  the  zwitterion  and 
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Table  30 

Kinetic  Results  for  the  Reactions  of  Ni(0Ho)^ 

z  b 


Ligand 

10  3k12  e M_1s  1 

Reference 

histidine 

2.8  ±.2  a'b 

this  work 

2.2  c 

49 

3-methylhistidine 

2.1  c 

51 

histamine 

1.0  ±.6  b 

d 

histidine  methyl 

Q.6C  (2 . 6 ) 6 

49 

ester 

hercynine 

0 «.  62±  .  04  a'b'f 

this  work 

(a)  Measured  at  25°, 

1=  0.30  M(LiCl04) . 

(b)  Error  estimates 

given  are  approximate  95% 

confidence 

limits . 

(c)  Measured  at  23.7 

° ,  1=  0.10  M(KN03) . 

(d)  Determined  by  re 

-analysis  of  the  data  in 

reference  50 

as  described  in  the  text. 


(e) 

Value 

of 

(k43+  k46} * 

(f) 

Value 

of 

k4f  +  k43k35//  ^k35+  k34^  derived  from 

Scheme  8 . 
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the  anion  of  histidine,  whereas  the  data  of  Letter  and 

Jordan  are  consistent  with  reaction  only  with  the  zwitterion. 

As  pointed  out  by  Letter  and  Jordan,  only  one  of  the 

four  data  points  of  Cassatt  et  al .  suggests  a 

contribution  by  the  anion.  It  is  also  noted  that  the 

rate  constant  for  complexing  of  the  anion  reported  by 

5  -1  -I 

Cassatt  et  al .  (3.8  x  10  M  s  )  is  anomalously  large. 

In  the  present  work,  the  reaction  was  studied  under 
different  conditions  than  those  used  previously  in  that 
the  histidine  was  the  reactant  in  excess.  If  the 
differences  in  ionic  strength  and  temperature  are 
considered,  the  results  of  the  present  work  are  in 
good  agreement  with  those  of  Letter  and  Jordan. 

+2 

The  experience  gained  here  with  the  NiTRI (OH^ ) ^ 

-histamine  system  suggested  that  the  earlier  work  on  the 
+  2 

Ni(0Ho)/r  -histamine  system  should  be  re-analysed  m 
Z  b 

terms  of  equation  (2.36).  Unfortunately  the  original 
50 

data  set  is  not  sufficiently  extensive  to  permit  a 
complete  analysis.  However,  it  is  reasonable  to  assume 
that  (Ka2+  (H+) )  -  (H+) ,  and  that  the  P(2)  and 

P(5) (H+) / (P (4 ) + (H+) )  terms  are  negligible  under  the 
experimental  conditions.  Equation  (2.40)  then  predicts 
that  a  plot  of  [Ni  (OH2 ) 6+2 ] /kexp ^Kal+  versus  (H+) 

should  be  linear.  Least-squares  analysis  of  this  plot 
gives  "best-fit"  values  and  95%  confidence  limits  of 


p  3 
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^12  =^l±0-6)x  10^M  Xs  ^  and  =  (4±3)x  ^M.  This 

+  2 

analysis  suggests  that  a  thorough  kinetic  study  of  the  NiCOf^)^ 
histamine  system  is  warranted.  The  k-^  value  above  is 
consistent  with  the  other  rate  constants  in  Table  30. 

The  study  of  the  reaction  of  hercynine  with 

+2 

NiCOF^)^  resulted  in  a  value  of  k^+  k^ 3^35/  (^35+  ^34) 

(Scheme  8) .  This  parameter  relates  to  the  reactivity  of 

the  hercynine  zwitterion,  and  thus  should  be  comparable 

to  the  k^2  values  for  histidine  or  3-methylhistidine . 

The  results  in  Table  30  show  that  hercynine  is  about 

four  times  less  reactive  than  the  histidine  zwitterion, 

but  is  similar  in  reactivity  to  the  cationic  ligands, 

histamine  (k^2 )  and  histidine  methyl  ester  (k^)* 

A  possible  explanation  for  the  slower  than 

expected  reaction  rate  of  hercynine  is  suggested  by  a 

79  . 

recent  carbon (13)  nmr  study  which  indicated  that 
>95%  of  the  hercynine  molecules  in  an  aqueous  solution 
at  pH  5-7  exists  as  the  trans  rotamer  XI,  where  REC^H^N^. 


R 


XI 


The  size  and  possibly  the  charge  of  the 
trimethylamine  substituent,  which  is  fixed  in  the 
vicinity  of  the  imidazole  ring,  may  inhibit  close 
approach  of  the  metal  ion  to  the  imidazole  nitrogen 
thus  causing  to  be  smaller  than  expected. 

Metal  ion  attack  at  the  carboxylate  oxygen 
is  still  favorable  in  XI  but  there  may  be  steric 
inhibition  to  ring-closure  (k^ )  resulting  in  a  smaller 
than  expected  value  of  k . 0k_r/ (k_r+  k^ J .  Therefore 

4  J  JD  jD 

the  known  conformation  and  steric  effects  may  explain 

the  observed  reactivity  of  hercynine. 

It  is  interesting  to  note  that  histidine  is 

79 

only  about  50%  m  the  conformation  analogous  to  XI  , 

and  of  course  it  lacks  the  bulky  methyl  substituents. 

Therefore  the  type  of  steric  inhibition  suggested  for 

hercynine  should  not  be  important  for  histidine. 

A  comparison  of  the  formation  rate  constants 

for  the  reactions  of  histidine  and  its  derivatives 

+2  . 

(Tables  29  and  30)  suggests  that  NiTRI(OH2)2  is 

+  2 

slightly  more  reactive  than  Ni(0H2)g  .  Within  the 

experimental  error  limits,  this  difference  can  be 

explained  by  taking  account  of  the  greater  water 

+  2 

exchange  rate  (-14%)  on  NiTRI(OH2)3  and  the  small 
differences  in  reaction  conditions.  Thus  on  the  basis 
of  the  available  results,  it  is  concluded  that  steric 


180 

effects  of  the  TRI  ligand  have  little  or  no  effect  on  the 
rate  of  formation  of  complexes  of  histidine  and  its 
derivatives . 

A  collection  of  kinetic  results  for  the 

reactions  of  a-amino  acids  with  nickel  (II)  is  shown  in 

Table  31*  The  rate  parameter  (a/K  0)  shows  an  apparent 

a  z 

decrease  in  value  as  the  size  of  the  a-substituent 

increases.  This  variation  has  been  attributed  by  Voss 
8  0 

and  Jordan  to  an  increase  in  k^  with  increased  ligand 

size.  This  explanation  is  consistent  with  the  rate 

expression  derived  for  Scheme  12  (equation  (2.68)). 

However  the  present  analysis  predicts  that  a/K  0  will 

a  z 

also  depend  on  k^  for  amino  acids  with  pK^2  £  9.  As 

pK^2  decreases  k^  should  decrease  and  a/K^  should 

decrease.  Unfortunately,  the  available  results  (Table  31) 

neither  confirm  nor  deny  the  effect  of  k^  on  a/Ka2* 

Comparison  shows  that  the  rate  parameters  (a/K  2) 

+2 

for  the  reactions  of  glycine  with  NiTRI(OH2)3  and 

+2  .  4-1  -1 

Ni(OH2)g  are  very  similar  with  a  value  of  -1.6  x  10  M  s. 

As  shown  previously,  the  expression  for  a/K  0  for  glycine 

a  z 

reduces  to  a/K^2  =  k43k35//k34  +  k46'  The  aPParent  lack 

of  difference  in  the  a/K  0  values,  in  contrast  to  the 

a  z 

+  2 

larger  rate  constants  for  NiTRI(OH2)3  with  histidine 
derivatives,  could  indicate  the  importance  of  the  ^43^35/^34 
term.  If  the  values  of  k43  and  k^^  are  larger  in  the 
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Kinetic  Results  for  the  Reactions  of  Several  a-Amino  acids  with  Nickel  (II) 
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NiTRIfOf^^  system  because  of  the  greater  water  exchange 
rate,  but  k  ^  is  also  increased  as  a  result  of  the  steric 
effects  of  TRI  ligand,  then  a/K  0  could  remain  constant 

3  Z 

for  the  two  metal  complexes.  This  cancelling  would  not 
result  if  only  the  term  were  present.  Although  this 

argument  is  potentially  useful,  it  does  not  confirm  the 
importance  of  the  k^k^/k^  term  because  the  experimental 
uncertainties  in  the  a/K  0  values  in  Table  31  are  larger 

3.  Z 

than  the  expected  difference  of  -14%  in  the  forward  rate 
constants . 


The  results  for  the  reaction  of  1-methylhistidine 
+  2 

with  NiTRI (OH^ ) 3  yield  a  value  of  a/Ka}Ka2  from  the 

experimental  rate  law.  When  interpreted  by  Scheme  9, 

a//KalKa2  *'s  9aven  equation  (2.74).  Since  the  k^  path 

was  not  included  in  Scheme  9,  the  expression  for  a/KaqKa2 

in  equation  (2.74)  is  equivalent  to  that  given  in  equation 

(2.68)  for  a/K  0.  Therefore  a/K  ,  K  0  for  1-methylhistidine 

3  z  ai  a/ 

is  compared  to  the  values  of  a/K^  f°r  other  systems  in 
Table  31.  The  comparison  shows  that  the  1-methylhistidine 
value  fits  into  the  same  pattern  as  the  other  values  in 
Table  31. 


In  order  to  better  understand  the  implications 
of  the  kinetic  results,  it  is  useful  to  consider  the 
mechanisms  in  some  detail.  The  expression  derived  for 
Scheme  10  (equation  (2.38))  shows  that,  in  general, 
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four  terms  can  contribute  to  the  forward  rate  constant 

k^.  Comparison  of  equation  (2.38)  with  the  experimental 

rate  laws  for  the  reactions  of  ligands  having  Ka2<<:  (H+) 

led  to  the  conclusion  that  the  pH  independent  terms  in 

the  numerator  of  (2.38)  do  not  contribute  significantly 

to  the  observed  rate  under  the  experimental  conditions. 

Of  the  two  terms  remaining  in  equation  (2.38),  the 

k.J  ,  is  eliminated  relative  to  k,nknl-K  ,/kon  because 
46  a2  12  35  a4x  21 

of  the  upper  limit  placed  on  k^  by  the  S^lIP  mechanism. 
These  simplifications  led  to  Scheme  11. 

The  mechanism  shown  in  Scheme  11  is  proposed 
as  the  most  favorable  reaction  sequence  for  the  reactions 
of  histidine,  3-methylhistidine ,  and  histamine.  This 
reaction  sequence  consists  of  three  steps,  as  illustrated 
by  the  reaction  coordinate  diagrams  shown  in  Figure  18. 

The  reactants  at  A  are  the  nickel (II)  species  and  the 
monoprotonated  ligand  species.  Initial  bond  formation 
at  the  imidazole  nitrogen  (k-^)  gives  the  protonated 
monodentate  intermediate  B  in  Figure  18.  Since  k^2>  k2^  , 
formation  of  B  is  favorable.  Loss  of  the  proton  leads 
to  the  fully  deprotonated  monodentate  intermediate,  C, 
which  undergoes  ring-closure  by  k^  to  give  the  bidentate 
product,  D.  It  has  been  assumed  in  constructing  these 
diagrams  that  initial  bond-formation (k^ )  and  ring-closure 

(k-,.)  are  controlled  by  dissociative  water  loss,  and 
35 
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Figure  18.  Reaction  coordinate  diagrams  illustrating  the 
mechanism  of  chelation  of  a  bidentate  ligand. 

(a)  Ring-closure  is  rate-determining  . 

(b)  Initial  bond  formation  is  rate-determining. 


186 


thus  have  similar  activation  barriers.  Also  ^21<<^23<^:32  ' 
as  estimated  in  the  analysis  of  Scheme  11. 

In  Figure  18  (a)  ,  the  k^  path  leads  to  the 
point  of  highest  energy  on  the  reaction  coordinate, 
and  thus,  by  definition,  k_,,_  is  the  rate-determining 
step.  By  relating  the  free  energy  changes  to  the  rate 
constants,  it  can  be  shown  that  Figure  18(a)  is 

applicable  when  ^-35^23  <  k32k21  '  or  wken  k3s/k21  <(H+)/Ka4 

(since  k23//k32  =  Ka4//'  )  *  Tkis  condition  is  approached 

in  the  lower  part  of  the  experimental  pH  range,  when  the 

deprotonated  intermediate  C  is  least  stable. 

In  some  systems  at  low  pH,  the  bidentate 

product  may  become  less  stable  than  the  monodentate 

intermediate  B  (Figure  18) .  This  was  suggested  in  the 

+  2 

histamine-NiTRI (OH2 ) ^  system.  However,  it  is  noted 
that  the  fraction  of  the  total  ligand  in  the  fully 
protonated  form  increases  as  the  pH  is  lowered,  with 
the  result  that  the  formation  of  B  becomes  less  favorable. 
In  order  for  the  concentration  of  B  to  be  significant 
relative  to  A  and  D,  the  equilibria  require  that 

k53(H  )  >  k35Ka4  '  and  also  kp2  =  k12KalLt^  ^Kal+ ^~k21* 
These  requirements  limit  considerably  the  number  of 

systems  in  which  B  is  likely  to  be  present  at  detectable 

concentrations . 

As  the  pH  is  increased,  the  stability  of  C 
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increases ,  as  illustrated  in  Figure  18(b).  This  results 
from  the  increase  in  k^  f  since  all  of  the  other  rate 
constants  in  Figure  18  are  pH  independent.  The  diagrams 
show  a  change  in  the  rate-determining  step  from  ring- 
closure  (k.^)  to  initial  bond  formation  (k.^)  as  the  pH 
is  increased.  This  interpretation  is  implied  by  the 
rate  law  derived  for  Scheme  11  (equation  (2.49)),  which 
in  turn  is  consistent  with  the  experimental  results  for 
the  reactions  of  histidine,  3-methylhistidine ,  and 
histamine . 

For  reactions  of  ligands  with  lower  pK^  values, 
such  as  histidine  methyl  ester,  a  significant  fraction 
of  the  ligand  exists  as  the  completely  deprotonated 
species,  so  the  k^  and  k^  paths  compete  favorably  with 
the  k^2  path.  The  reaction  coordinate  diagram  in  Figure 
18(b)  can  be  used  to  describe  the  k^  and  k^  paths,  if 
species  C  and  the  proton  transfer  steps  k£3  and  k^  are 
omitted.  Since  ring-closure  (k^  or  k^)  is  expected 
to  be  more  favorable  than  breaking  of  the  nickel  (II)- 
nitrogen  bond  (k^4  or  k^^),  initial  bond  formation  will 
always  be  rate-determining  for  the  k^  and  k^  pathways 
in  Scheme  10.  This  is  another  consequence  of  the 
requirement  of  consistency  with  the  S^lIP  mechanism. 

The  other  mechanisms  discussed  in  this  work 
are  in  many  respects  similar  to  Scheme  10.  However,  since 


■ 


the  nickel  (II) -oxygen  bond  is  much  more  labile  than  the 
nickel  (II ) -nitrogen  bond,  the  stability  of  B  will  be 
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decreased  significantly.  In  the  k.^  path  of  Schemes  9 

and  12,  loss  of  the  amine  proton  will  remain  unfavorable 

as  in  Scheme  10,  so  it  is  likely  that  k^  will  normally 

be  rate-determining,  and  Figure  18  (a)  will  apply. 

However,  if  k^  >  k^  /  it  is  apparent  from  Figure  18 

that  proton  loss  will  become  rate-determining.  Since 

-4  -1  -1 

k^  -  (2  x  10  /Ka4^M  s  /  rate-determining  proton 

transfer  is  expected  for  less  basic  amino  acids. 

From  similar  considerations  to  those  discussed 
for  Scheme  10,  initial  bond  formation  should  be  rate¬ 
determining  in  the  k^  paths  in  Schemes  9  and  12.  On 
the  other  hand,  for  k^  -  k^  ,  either  of  the  two  steps 
in  the  k^  paths  of  Schemes  9  and  12  could  be  rate¬ 
determining  . 

It  is  interesting  to  note  that  in  several 

cases  it  has  been  possible  to  obtain  more  kinetic 

+  2 

information  from  the  NiTRI(OH2)2  reactions  than  from 

+  2 

comparable  reactions  with  NiCC^)^  .  Inspection  of 
the  rate  laws  for  these  two  metal  ions  shows  that,  with 


NiTRI (0Ho ) 


+  2 


2  3 


(H  )  -  ^ 3 5 *^4/^21  within  the  experimental 

pH  range,  and  thus  ^35^4/^21  can  be  evaluated  from  the 

+  2  + 

kinetic  data.  However  with  Ni(OH2)g  ,  (H  )  <  ^35^4/^21 

over  the  usual  experimental  pH  range  (6-7),  and  so 
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^35Ka4//^21  cannot  determined.  Previous  arguments 

indicate  that  k  _  and  K  .  should  be  similar  for  these 

35  a4 

two  metal  ion  systems.  Therefore  ^21  must  larger 

with  NiTRI (OH2 ) as  might  be  expected  if  the  TRI 

ligand  causes  steric  enhancement  of  ligand  dissociation. 

Unfortunately  there  are  no  simple  model  systems  which 

can  be  used  to  provide  a  precedent  for  the  larger 

+  2 

values  with  NiTRI (OH^ ) 3 

+2 

The  kinetic  results  for  the  NiCOf^)^  -glycine 

system  can  be  combined  with  the  known  formation  constant 

(3-^  =  6.0  x  10“*M)  to  obtain  k^  =  2.7  x  10  ^s  ^ . 

Similarly,  the  reanalysed  kinetic  results  for  the 
+  2 

Ni(OH2)g  -histamine  reaction,  and  the  3-^  value  of 

6.0  x  106M,65  yield  k^3  =  0.66  s  ^ .  These  values  are 

2-3  times  smaller  than  the  corresponding  k^  values  of 
+  2 

NiTRI (OH2 ) 2  complexes  (see  Results  section).  The 

+  2 

observation  that  k^^  1S  larger  in  the  NiTRI (OH2 ) ^ 

systems  is  consistent  with  the  argument  that  k2^  is 

also  larger  in  these  systems. 

The  kinetic  results  can  be  used  to  calculate 

+  2 

formation  constants  for  the  NiTRI (OI^)^  complexes 

from  the  relationship  3^  =  ki2^35Ka4//'k21k53Ka2  *  From 

the  kinetic  results  for  histidine,  this  calculation 

7  7 

gives  3^  =  1.1  x  10  M,  as  compared  to  1.7  x  10  M  from 

the  nmr  results.  These  two  values  agree  within  their 
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experimental  uncertainties,  but  a  larger  nmr  value  could 
be  explained  by  some  carboxylate  complexing  which  is 
not  accounted  for  in  the  kinetic  result . 

+  2 

The  3^  values  for  complexes  of  Ni(0H2)g  and 
NiTRI  (OH^ )  3  +  2  are  compared  in  Table  32. 

Table  32 

Formation  Constants  for  Nickel (II)  Complexes 


Ni(OH2)6+2  a  NiTRI (OH2) 3+2 


histidine 

4.7 

X 

108 

1.7 

X 

107 

b 

1.1 

X 

107 

c 

histamine 

6. 0 

X 

106 

1.5 

X 

UD 

O 

1 — 1 

c 

glycine 

6.0 

X 

105 

<1.9 

X 

in 

0 

1 — 1 

c 

(a)  Values  at  25°  and  I  =  0.10  M.88 

(b)  Value  at  25°  and  I  =  0.10  M(MES),  determined  from 
the  nmr  measurements. 

(c)  Value  at  25°  and  I  =  0.30  M(LiClO^)  determined  from 
the  kinetic  results. 


. 

' 
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Since  the  formation  rate  constants  are  similar  for  these 

two  metal  ions,  the  smaller  values  observed  for  the 
+  2 

NiTRI (OH2 ) ^  complexes  are  consistent  with  the  suggestion 

that  the  dissociation  rate  constants  and  k^)  are 

larger  for  these  complexes.  It  may  be  noted  that  the 

value  for  the  histidine  complex  with  NiTRI  (0112)3  is 

~28  times  smaller  than  that  for  Ni(0Ho)r  ,  while  the 

Z  b 

values  for  the  histamine  and  glycine  complexes  of 
+2 

NiTRI  (0112)3  are  on^y  3-4  times  smaller  than  those 

+  2 

for  the  analogous  NitOI^)^  complexes.  The  larger 

difference  in  the  histidine  complexes  perhaps  indicates 

more  or  stronger  carboxylate  binding  in  the  complex 

+  2 

with  NitOl^)^  because  of  less  steric  interaction. 

Some  suggestions  for  future  investigations 

are  appropriate  at  this  stage.  It  is  apparent  from  the 

analysis  and  discussion  in  this  work  that  chelation 

reactions  are  much  more  complex  than  had  been  previously 

+  2 

assumed.  As  a  result,  many  of  the  earlier  Ni(OH2)g 

studies  with  multidentate  ligands  should  be  considered 

as  merely  exploratory.  More  thorough  studies  clearly 

+  2 

are  required  of  the  Ni(OH2)6  -histamine  reaction  for 

example.  The  results  reported  here  indicate  that  it 

would  be  of  benefit  to  extend  the  pH  range  of  kinetic 

studies  as  low  as  feasible  in  order  to  make  (H+)  - 

k_  nK  ./k0,  and  thus  allow  evaluation  of  this  rate 
35  a4  21 


' 


parameter.  Studies  under  conditions  of  excess  ligand 

may  also  be  advantageous. 

The  nmr  titration  technique  discussed  here 

should  prove  valuable  in  establishing  the  denticity 

of  multidentate  ligands.  The  bis  (histidino) nickel (II) 

system  is  of  particular  interest.  Quantitative 

measurements  of  the  ratio  of  monodentate  to  bidentate 

.  .  .  +2 

species  in  systems  similar  to  NiTRItOI^)^  -histamine 
should  be  valuable  in  the  interpretation  of  kinetic 
and  equilibrium  studies. 
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APPENDIX  A 


The  Method  of  Linear  Least-Squares  using  Relative  Residuals 

The  least-squares  fits  in  this  work  have 
minimized  the  sum  of  the  squares  of  the  relative  residuals, 
defined  as 

„  .  2  {‘*i  -  Yi  >}2  f*-1’ 

£  A  .  =  - 

1  *i 

where  y^  is  the  experimentally  observed  dependent 
variable,  and  is  the  predicted  value  of  y^.  The  latter 
is  calculated  from  the  linear  equation 

Y'  =  a  +  b  x.  (A-2) 

where  x^  is  the  independent  variable  (in  the  present  case, 

the  time).  For  n  data  points  (l<i<n),  the  values  of  a 

2  .  . 

and  b  obtained  when  is  a  minimum  are  given  by 

£(l/y,)-  b£(x./y.2) 

a  =  - - - — - - —  (A- 3) 

ECL/yi) 

|£(xi/yi)E(l/yi2)}  -  | £ (1/y.) £ (xi/y . 2)| 

|£(xi/yi)2£(i/yi2)}  -  {zfx./y^)  }2 

An  estimate  of  the  standard  error  of  the  least-squares  fit 
can  be  calculated  from 
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s 


V  A  2 
Z  A  . 

1 


n  -  aZ(i/yi)  -  b  Z(xi/yi) 


(A-5) 


e 


(n-2) 


(n  -  2) 


Description  of  the  computer  Program 

The  program  written  for  the  Wang  500  Programmable 
Desk  Calculator  to  calculate  the  values  of  a,  b  and  s 

e 

consists  of  three  sequential  parts ,  which  are  chained 
together  by  use  of  the  cassette  memory  tape.  Once  the 
first  part  has  been  manually  loaded  into  the  "core" 
memory  from  the  cassette  tape,  the  second  and  third  parts 
are  loaded  automatically  by  the  program  at  the  appropriate 
times . 


Part  1  of  the  program  initially  accepts  a  value 


of  T 


and  of  a  conversion  factor,  CF,  both  of 


offset 


which  are  stored  in  memory.  The  conversion  factor  takes 
into  account  the  amplification  of  the  signal  and  the 
direction  of  the  observed  transmittance  change.  For 
example,  if  the  amplification  is  0.5%  T  per  graticule 
unit  (20%T  full  vertical  scale) ,  and  the  transmittance 
increases  with  time  as  in  Figure  la,  then  the  conversion 
factor  is  -0.5.  Ten  data  points  (AT^  in  Figure  1),  which 
are  read  directly  from  the  photograph  of  the  observed 
oscilloscope  trace  at  equa]  time  intervals,  are  then 
entered  sequentially  into  the  computer.  These  are  measured 
in  the  units  of  the  oscilloscope  graticule  (full  vertical 


. 

’ 
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scale  =  40  graticule  units) .  Each  point  is  multiplied 
by  CF ,  converted  to  %T  using  T0ffse-(-  >  and  stored  in 
a  memory  register.  Two  data  points  are  stored  in  each 
of  five  memories  (01-05)  in  the  form  of  two  five  digit 
numbers  separated  by  a  decimal.  Lastly,  AT^  is  entered 

(in  the  same  units  as  AT, )  ,  T  is  calculated  and  stored, 

t  0° 

and  Part  2  of  the  program  is  loaded. 

Part  2  of  the  program  recovers  the  values  of 
Tfc  sequentially.  The  odd-numbered  points  (1,3, 5, 7, 9) 

3 

precede  the  decimal, and  are  obtained  as  10  T^_ .  The 

even-numbered  points  follow  the  decimal,  and  are  recovered 

from  the  difference  between  the  total  (10  digit)  numbers 

-2 

and  their  integer  parts,  as  10  Tfc.  Values  of  y^ 

(In | log  (T  /T^)  |)  and  of  the  sums  in  equations  (A-3)  and 

(A-4)  are  then  calculated,  with  values  1-10  supplied 

by  an  internal  counter. 

Part  3  of  the  program  calculates  values  of 
o 

b,  a,  and  8  x  (se  ) ,  and  the  latter  appears  in  the  display 
at  the  end  of  the  calculation.  The  time  interval  At, 
defined  as  0.1  x  (full  horizontal  sweep  time),  can  then 
be  entered,  and  the  display  gives  -k  . 

GXp 

Before  entering  another  data  set,  Part  1  must 
be  re-loaded  and  initiated.  It  should  be  noted  that  the 


values  of  T  and  T  used  in  the  last  calculation  can  be 

L.  00 

recovered  if  desired,  before  beginning  a  second 


' 
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calculation.  The  memories  are  cleared  upon  initiation 
of  Part  1. 

The  program  is  given  in  the  following  pages. 

Part  1 


00 

Mark 

036 

f (x) 03 

01 

f tx) 00' 

037 

Integer  x 

02 

Load 

038 

a 

03 

Mark 

039 

f (x) 05' 

04 

f (x) 00 

040 

Add  01 

05 

Clear  mem 

041 

Sp  St  02 

06 

Stop  (enter 

Tof f set^ 

042 

Sp  St  03 

07 

St  00 

043 

Sp  St  04 

08 

Stop  (enter 

CF) 

044 

Sp  St  05 

09 

St  06 

045 

St  01 

010 

Mark 

046 

Rec  012 

Oil 

f (x) 01 

047 

a 

012 

1 

048 

f (x) 01' 

013 

Add  012 

049 

Integer  x 

014 

Stop  (enter 

D> 

i-3 

ft 

050 

J  if  0 

015 

St  R 

051 

Tot  013 

016 

Rec  06 

052 

f (x) 01 

017 

Mult  R 

053 

Stop 

018 

Rec  00 

054 

Mult  06 

019 

Add  R 

055 

Tot  06 

020 

St  L 

056 

Add  0  0 

021 

Rec  013 

057 

a 

022 

J  if  0 

058 

f (x) 03 

023 

Rec  L 

059 

St  00 

024 

f (x) 03 

060 

Tot  013 

025 

Rec  L 

061 

f (x) 00' 

026 

a 

062 

END  (veri 

027 

f (x) 03 

028 

Integer  x 

029 

St  01 

030 

1 

031 

St  013 

032 

f (x) 01 

033 

Mark 

034 

f (x) 03 

035 

a 

00 

01 

02 

03 

04 

05 

06 

07 

08 

09 

010 

Oil 

012 

013 

014 

015 

016 

017 

018 

019 

020 

021 

022 

023 

024 

025 

026 

027 

028 

029 

030 
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Mark 
f (x) 00 
1 
0 

St  012 
Rec  01 
Mark 
f (x) 01 
Integer  x 
St  L 
Rec  00 
Div  L 
log  y 

I  Y  I 
In  y 

i/y 

St  L 
St  R 

Add  06  ( El/y) 
Rec  012 
Mult  L 

Add  08  (Ex/y) 
Rec  L 

Square  „ 

Add  010(£xVy  ) 

Rec  R 

Square 

St  L  9 

Add  07  (E  1/y  ) 
Rec  012 
Mult  L 


Part  2 


031 

Add  09  (Ex/y2) 

032 

1 

033 

Subt  012 

034 

Rec  013 

035 

J  if  /  0 

036 

1 

037 

f (x) 02 

038 

Tot  013 

039 

Rec  01 

040 

Sp  St  02 

041 

Sp  St  03 

042 

Sp  St  04 

043 

Sp  St  05 

044 

St  01 

045 

Rec  012 

046 

J  if  0 

047 

Rec  01 

048 

f (x) 01 

049 

f (x) 00' 

050 

Mark 

051 

f (x) 02 

052 

St  013 

053 

Rec  01 

054 

St  L 

055 

Integer  x 

056 

Subtr  L 

057 

a 

058 

f (x) 05 

059 

f (x) 01 

060 

END  (verify  878 

00 

01 

02 

03 

04 

05 

06 

07 

08 

09 

010 

Oil 

012 

013 

014 

015 

016 

017 

018 

019 

020 

021 

022 

023 

024 

025 

026 


204 


Part  3 


Mark 

027 

Mult  R 

f (x) 03 

028 

Rec  06 

Rec  08 

029 

Add  R 

St  L 

030 

Rec  07 

Rec  07 

031 

Div  R 

Mult  L 

032 

St  012  (a) 

Rec  06 

033 

Rec  06 

St  R 

034 

Mult  R 

Rec  09 

035 

Rec  08 

Mult  R 

036 

Mult  L 

Subt  L 

037 

Add  R 

Rec  010 

038 

1 

St  R 

039 

0  2 

Rec  07 

040 

Subt  R  (SE 

Mult  R 

041 

Stop  (enter 

Rec  09 

042 

St  L 

Square 

043 

Rec  Oil 

Subt  R 

044 

Div  L 

Div  L  (b=k  ) 

045 

1/x 

st  on  exp 

046 

Stop 

Change  sign 

047 

Tot  06 

St  R 

048 

Tot  07 

a 

049 

Tot  08 

Stop 

050 

Tot  09 

a 

051 

Tot  010 

Stop 

052 

Stop 

Rec  09 

053 

END  (verify 

APPENDIX  B 


Derivations  of  the  Rate  Laws  for  the  Mechanisms  in  Chapter  I 
Isomerization 


The  total  concentration  of  cis-species  in 
solution  can  be  represented  by 

CT  =  (en)  2Co  (0H2)  2+3]  +  [ois- (en)  2Co  (0H2 )  (OH)  +2] 


(B-l ) 


H2C 


HC 


and  the  t vans -species  by 


BT  =  [trans- (en)2Co(OH2)2+3]+[trans“(en)2Co(OH2) (OH) +2] 


(B-2) 


H2B 


HB 


since  the  dihydroxy-species  are  relatively  insignificant 

in  the  pH  range  of  the  isomerization  study.  If  the 

equilibria  governed  by  K  and  K  ^  are  rapidly  maintained, 

a  j  a  j 

then  the  following  equations  can  be  derived. 


(H+) 


K 


h2c  = 


Ka3+(H  > 


HC  = 


a3 


Ka3+(H  > 


h2b  = 


(H+) 

Ka5t(H+)  ' 


K 


HB  = 


a5 


Ka5+(H+) 


From  Scheme  3, 


-d  (H0C) 


dt 


=  kcl(H2C)  "  ktl(H2B) 


(B-3) 


(B-4) 


(B-5) 


205 
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and 


— HC>  =  k  ,(HC)  -  k  -  (HB) 
dt  cz 

Substitution  of  (B-3)  and  (B-4)  into  (B-5)  and  (B-6) , 
and  defining 

TCB  =  CT  +  BT 


gives 


(B-6) 


(B-7 ) 


-d (CT) 


dt 


kcl(H+>  +  kc2ka3  +  ktl(H+>  +  kt2Ka5 


Ka3  +  (H+) 


Ka5  +  <H+> 


CT 


ktl(H  >  +  kt2Ka5 


K 


a5  +  (H  ) 


(B-8) 


TCB 


=  (cb  +  be)  CT  -be  TCB 


The  linear  operator  method,  described  in  detail 
in  reference  1,  can  be  used  to  solve  this  simple  first- 
order  differential  equation.  This  method  is  chosen  for 
use  here  as  a  simple  introduction,  prior  to  its  use  in 
Appendix  C  to  solve  the  more  complicated  kinetic  systems 
discussed  in  Part  II. 

In  applying  the  operator  method,  one  replaces 
differentiation  by  multiplication,  in  which  the  multiplier 
is  the  operator  S  =  d/dt.  Under  the  initial  conditions 
of  this  case,  CT  =  TCB  at  t  =  0,  and  equation  (B-8)  is 


transformed  to 
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-S(CT)  +  S(TCB)  =  (cb  +  be)  CT  -  be  TCB  (B-9) 

Equation  (B-9)  can  be  rearranged  to 


CT  ^  (S  +  be)  TCB 
S  +  (cb  +  be) 

2  3  . 

From  a  table  of  Laplace  transforms,  '  the  "original" 
corresponding  to  the  solution  of  equation  (B-10)  is 


(B-10) 


CT 


TCB 


be 
cb  J-  be 


cb 


(cb  +  bc)t 


cb  +  be 


(B-ll) 


Equation  (B-ll)  has  the  same  form  as  that  derived  for  a 
simple  first-order  reversible  reaction^,  which  implies 
that  Scheme  3  can  be  rewritten  as 


CT 


cb 

be 


BT 


(B-12) 


At  equilibrium. 


Also, 


[CT]e 


TCB  =  [BT] 


[CT]e 


[CT]e 


(B-13) 


(B-14 ) 


Substitution  of  (B-14)  into  (B-ll) ,  and  rearrangement, 
gives 


CT  - 

■  [ CT] e  =  [CT] 

1  I 

e(  be  i 

-  (cb  + 
e 

be)  t 

(B-15) 

=  [CT] 

eKcb 

-  (cb  + 
e 

be )  t 
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Differentiation  of  (B-15)  with  respect  to  time  yields 


-d (CT) 
dt 


=  <>(cb  +  be)  [CT]eKcbj>e' 


(cb  +  bc)t 


(B-16 ) 


which,  after  substitution  from  (B-15) ,  gives 


-d (CT) 
dt 


-  (cb  -fbc)  jcT  -  [CT] ^  | 


(B-17) 


Experimentally , 


d  (CT) 
dt 


k  <CT 

exp  ( 


[CT]e} 


(B-18) 


Therefore 


exp 


kcl(H+>  +  kc2Ka3  +  ktl(H+)  +  kt2Ka5 
Ka3  +  (H+>  Ka5  +  (H+) 


(B-19) 


Carboxylation 

The  reactant  species  in  Scheme  4  can  be  represented  by 

CT  =  [ (en)2Co(OH2)2+3]  +  [  (en) 2Co  (0H2)  (OH) +2]  + 

[ (en)2Co(OH)2+]  (B-20) 

=  H2C  +  HC  +  c 

and 

AT  =  [ (en)2Co(OH2)  (C03H)  +2]  +  [  (en) 2Co (OH2)  (C03) +] 

+  [ (en) 2Co (OH) (C03) ]  (B-21) 

—  H2A  +  HA  +  A 

where  all  the  species  are  ai s-isomers . 
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If  the  equilibria  governed  by  K  ^  t  K  4  /  Kal  *  and  K 
(Scheme  4)  are  rapidly  maintained,  and  since 


then 

-d (CT) 
dt 


[C02]  >>  (CT  +  AT)  =  TCA  (B-22) 


k-2[C02]  HC  +  k~2 '  f C02 ^  c  “  k2  H2A  “  k2 '  HA  (B-23) 


Equation  ( B—  23)  can  be  rewritten  in  a  form  analogous  to 
(B-8) ,  to  give 


•d  (CT) 
dt 


(ca  +  ac)  CT 


ac  TCA 


where 


ca 


ac 


k-21C021Ka3(H  >  +  k-2,[C02lKa3Ka4 

(H+)2  +  Ka3(H+)  +  Ka3Ka4 

k2(H+)2  +  k2'Kal(H+) 

<H+)  2  +  ><al(H+)  +  KalKa2 


(B-24 ) 


(B-25) 


(B-26) 


Equation  (B-24)  can  be  solved  using  the  operator  method 
described  earlier,  to  give 


CT  =  TCA 


ac 


ca  +  ac 


+ 


ca 


(ca  +  ac)t 


ca  +  ac 


(B-27) 


By  analogy  with  (B-10) ,  it  follows  that 


-d  (CT) 
dt 


(ca  +  ac) 


(B-28) 
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The  experimental  rate  law  is 


-d(CT)  =  k 
dt 


CT  -  [CT] 
exp  e 


From  a  comparison  of  equations  (B-28)  and 
follows  that 


(B-29 ) , 


it 


(B-29) 


k  =  ca  +  ac 
exp 


( B—  30) 
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APPENDIX  C 


Derivations  of  the  Rate  Laws  for  the  Mechanisms  in  Chapter  II 


Scheme  8 

The  mechanism  in  Scheme  8  can  be  rewritten  in 
the  general  form  shown  in  Scheme  C-I. 

Scheme  C-I 

HL  4-  M 

L  +  M 

L  +  M 

where  HL  and  L  refer  to  the  protonated  and  unprotonated 
forms  of  the  ligand ,  and  the  rate  constants  are 
designated  by  letters  (e.g.  for  the  path  M  -*  Cf  the 
pseudo-f irst-order  rate  constant  is  represented  by  me) . 

The  species  in  Scheme  C-I  are  related  by 
equations  (C-l)  to  (C-5) . 
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me  [M]  -  (cm  +  cd)  [C]  +  dc  [D]  (C-l) 

md  [M]  -  cd  [C]  -(dm+dc+dp)  [D]  +  pd[P]  (C-2) 

mf  [M]  -  (fm  +  fp)  [F]  +  pf  [P]  (C-3) 

+  dp[D]  +  fp[F]  --  (pf  +  pd)  [P]  (C-4 ) 
[M]  +  [C]  +  [D]  +  [F]  +  [P]  (C-5) 

A  number  of  approximations  are  necessary  in 
order  to  obtain  a  useful  solution  from  equations  (C-l) 
to  (C-5) .  The  first  and  most  familiar  of  these  is  the 
"steady-state"  approximation,  which  when  applied  to 
the  species  C  and  D,  gives 

d[C]  _  d  [D] 

~~dt - dt~  ~  0  {C  6) 

This  approximation  implies  that  the  rates  of  formation 
of  C  and  D  equal  their  respective  rates  of  decomposition. 

The  validity  of  equation  (C-6)  therefore  depends  on  the 
magnitudes  of  the  individual  rate  constants  in  the 
specific  chemical  system  under  consideration.  On  the 
basis  of  the  estimated  rate  constants  given  later  in 
this  appendix,  the  choice  of  C  and  D  as  the  "steady- 
state"  intermediates  can  be  justified. 


d[C] 

dt 


d[D] 

dt 


d  [F  ] 
dt 


d[P] 

dt 
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In  the  method  of  linear  transforms  introduced 
in  Appendix  B,  d/dt  is  replaced  by  the  operator  S.  With 
this  substitution  and  rearrangement  of  terms,  equations 


(C- 

=1)  to  (C~5 ) 

can  be 

rewritten 

in 

matrix  form  as 

0 

me 

L2 

dc 

0 

0 

M 

0 

md 

cd 

L3 

Ll 

pd 

C 

0 

= 

rnf 

0 

L6 

L4 

Pf 

D 

0 

0 

0 

dp 

fp 

L5 

F 

Mt 

■*=»  -n 

1 

1 

1 

1 

1 

P 

_  _ 

where 


L2  = 

-  (cm  +  cd) 

(C-8) 

L3  = 

-  (dm  t  dc  +  dp) 

(C-9) 

L4  = 

-•  (S  +  fm  +  fp) 

(C-10) 

L5  - 

-  (S  +  pf  +  pd) 

(C-ll) 

Ll  - 

L6  =  0 

(C-12) 

The  terms  Ll  and  L6  are  included  here  for  convenience 

in  the  later  discussion  of  Scheme  9.  From  equation 

(C-7 ) ,  the  solution  for  [M]  is  given  by  Cramer's  Rule  as 

Mt(cof)51 

I  A I 


[M] 


(C-13 ) 
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where  | A [  is  the  determinant  of  the  coefficient  matrix  A, 
(equation  (C-7 ) )  and  (cof)c,  is  the  cofactor  of  the 
element  a,_^  (fifth  row, first  column)  in  the  matrix  A. 

The  cofactor  consists  of  the  elements  in  rows  1,2 ,3, 4 
and  columns  2, 3, 4, 5  of  A* 

Expansion  of  equation  (C-13)  gives  an 
expression  of  the  general  form 


[M]  pS^+qS+r  pS^+qS+r 

_  ^  - - - — -  =  — - — - -  (014) 

a.  S  -}-  b  S  +  c  (S  +  y)(S  +  &) 

From  a  table  of  transforms  and  originals , ^  equation 
(014)  can  be  expressed  as 

“1T~  =  fl  +  f2  e~Tt  +  f 3  e”6t  (C-15 ) 

where  f^  ,  f^  and  f0  are  constants,  and  Y  and  6  are  the 
roots  of  the  quadratic  equation  in  the  denominator  of 
(014)  . 

Comparison  of  equations  (C-13)  and  (014)  shows 

that  the  expressions  for  Y  and  5  require  the  solution  of 

the  determinant  of  A.  The  complete  expressions  for  a,  b 

and  o  in  equation  (014)  were  determined  with  the  aid 

2  3 

of  the  computer  program  *REDUCE2,  ''  and  are  shown  on  the 
following  page. 


OB 


SOLUTION  FOR  SCHEME 
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GO 


4 

4 

4 

4 

4 

4 

4 

Cm 

Cm 

4 

4 

G 

CM 

r 

CL 

a* 

Q 

4 

O. 

t: 

ft. 

04 

6. 

y 

CL 

4 

4 

ft. 

r 

4 

4 

O, 

CM 

Cl 

P  » 

ft. 

CL 

r 

4 

ft. 

9: 

0. 

♦ 

4 

4 

« 

* 

Cm 

c  j 

G 

4 

C. 

G 

fr- 
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The  expressions  for  y  and  6  in  equation 
are  given  by 

_  -  b  +(b2-  \ao)h 

2  a 

_  6  =  °  b  -  (b2-  4 ac)h 
2  a 


(014) 


(016) 


(017) 


2 

If  4 ac/2>  <<  1,  then  equations  (C-16)  and  (C-17)  can  be 

simplified  by  the  binomial  approximation  to  give 


y  - 


£ 

b 


(018) 


6  = 


b_  _  £_  b 

a  b  a 


(019) 


All  of  the  reactions  studied  in  this  present 
work  follow  an  experimental  rate  law  of  the  form 


[M]  _  B 


{-k 


exp 


t} 


(020) 


It  will  be  assumed  that  the  observed  rate 

coefficient  k  corresponds  to  the  smaller  root  Y , 

exp  ^  ' 

and  thus  k  =  c /b .  The  validity  of  the  binomial 
exp  J 

approximation  will  be  considered  later  in  this 
appendix,  after  the  expressions  for  a ,b  ,  and  c  have 
been  simplified. 

Noting  that  the  rate  constants  me,  md,  and 
mf  are  dependent  on  the  concentrations  of  the  ligand 


( l 
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species  HL  and  L,  a  consideration  of  the  computer-derived 
expressions  shows  that  y  has  the  form 


v  =  £  =  d[HL]  +  f [L]  +  g 

1  b  j [HL]  +  m [L]  +  n  v 

The  ligand  concentrations  [HL]  and  [L]  are  functions 

of  L^  ,  so  equation  (C-21)  can  be  compared  to  the 

experimental  rate  law  of  the  form  k  =  L^  +  k 

exp  ft  r 

(equation  (2 . 9 )) .  If  equation  (C-21)  is  to  be  consistent 
with  the  experimental  ligand  dependence ,  then 

j [HL]  +  m[L]  <  n  (C 

and  (C-21)  reduces  to  give 

o  „  d [HL]  +  f[L]  +  g 
b  n 

Further  simplification  of  the  expressions 
for  d,  f,  g  and  n  requires  estimates  of  the  magnitudes 
of  the  individual  rate  constants.  An  interchange  of 
symbols  is  appropriate  for  the  following  discussion, 
since  these  estimates  refer  specifically  to  Scheme  8 
rather  than  to  the  general  Scheme  C-I. 

As  noted  in  the  introduction  to  Chapter  II, 
the  S^jlIP  mechanism  places  definite  upper  limits  on  the 
rates  of  substitution  reactions  involving  water  as  the 
leaving  group.  Specifically,  for  the  reactions  governed 


-21) 


-22) 


-23) 
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by  ^43  and  k^  in  Scheme  8,  it  is  expected  that  the 


outer  sphere  formation  constants  will  be  less  than  1  M  ^ . 

Since  the  rate  constant  for  water  exchange  on  NiTRI  (0112)2 

is  3.8  x  10^s  \  an  upper  limit  of  ~4  x  10^M  ^s  ^  is 

predicted  for  k. 0  ,k..  and  k„,  from  the  product  K  k 

1243  46  ^  oex 

4  5  +2 

Previous  results  '  for  reactions  of  Ni  (0Ho)  with 

2  0 

unidentate  ligands  indicate  that  k12  -  5  x  103M~1s"1f 

4  -1-1 

and  ^42~  -  10  M  s  .  The  rate  constants  k2^  and 

k^  may  be  as  large  as  the  water  exchange  rate  constant 
and  still  be  consistent  with  a  dissociative  mechanism. 
However,  steric  or  entropy  effects  might  inhibit  chelate 
ring-closure,  thus  decreasing  k2^  and  k^.^ 

g 

Hoffman  has  observed  a  correlation  between 

the  pK^  of  certain  carboxylic  acid  ligands  and  the 

rates  of  decomposition  of  their  respective  nickel (II) 

4  -1 

complexes.  These  results  predict  k21  -  k34  -  10  s 
The  rate  constant  k^  may  be  slightly  smaller  than  k2^ 
due  to  chelation  effects,  whereas  k^  and  will 

likely  have  much  lower  values  of  ~5  s  ^  as  found  for 

I 

the  decomposition  of  the  imidazole  complex  of  nickel (II). 

From  these  approximations,  the  rate  constants  in  Scheme  8 

are  predicted  to  have  magnitudes  in  the  order  k21~k34~ 

k-^k- c-krc>  k.  0-k„  ,^k..  0>  k^.-k^-.  In  addition,  as  shown 
56  35  65  43  46  12~  64  53 

in  the  main  text,  it  is  likely  that  k23~k32~k34* 


+2 


These 


■ 


■ 
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estimates  allow  simplification  of  the  complete  computer- 
derived  expressions  to  give 


a 

b 


a 


k21^k35+  k32+  k34^  +  k23k35 


(k65+  k56)  ((k35+  k34  ^  (k23f  k21^  +  k32k21 


(k65+  k56)  ]  k12k35k23  [HL5  +  k43k35(k23+  k21}  [LJ 


k46l(k23+  k21J  (k35+  k34)  +  k32k21  ^ 


+  (k64k56+  k65k53}  (k34  (k23+  k21}  +  k32k21 


(C-24) 

(C-25) 

(C-26) 


Evaluation  of  a ,  b  and  o  using  the  estimates 

2 

of  the  rate  constants  confirms  that  4 ac/b  <<  1  as 
assumed  previously. 
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Scheme  9 


Scheme  9  can  be  written  in  the  general  form 
shown  in  Scheme  Oil. 

Scheme  C-II 


me 


H2L  +  M  + 


C 


cm 


md 


cd 


dc 


HL  +  M 


^  D 


dm 


mf 


df 


fd 


fp 


L  +  M 


fm 


F  + 


P 


Pf 


The  kinetic  analysis  of  this  scheme  is  completely 
analogous  to  the  previous  treatment  of  Scheme  C-I. 
The  coefficient  matrix  A  in  equation  (07)  must  be 
modified  for  application  to  Scheme  C-II,  using 
equations  (C-27)  to  (033)  . 


Ll  =  fd 


L2  =  - (S  +  cm  +  cd) 


L3  =  - (dm  +  dc  +  df ) 


L4  =  -(fm  +  fd  +  fp) 


(C-27) 

(028) 

(029) 

(030) 


L5  =  - (S  +  pf ) 


(031) 
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L6  =  df 


(C-32) 


dp  =  pd  =  0 


(033) 


It  should  be  noted  that  species  D  and  F  have  been 
chosen  as  "steady-state"  intermediates  in  this  case. 


The  solution  of  the  determinant  of  the 


revised  coefficient  matrix  has  the  general  form  of 
equation  (C-14) ,  and  thus  the  smaller  root  Y  =  o /b . 

The  complete  computer-derived  expressions  for  cl,  b, 
and  c  are  shown  on  the  following  pagec 

By  analogy  with  the  previous  estimates  of  the 
rate  constants  in  Scheme  8,  the  rate  constants  in  Scheme  9 


these  estimates  of  the  rate  constants  in  Scheme  9e 
the  complete  computer-derived  expressions  for  a,  b  and 
a  simplify  to  give 


a  ^k27+  k21^  *k35+  k3 2 ^ 


(C-34 ) 


b  ~  (k35+  k34> 


(k?8+  k?2)  (k23+  k21)  +  k27k78 


(C-35) 


+  k 


32 


and 
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5  k35  lk87k72k23[H2L]  +  k12k23  ^k78  +  k72^HL^  + 


(■ 


k43((k78+  k72^(k23+  k21^  +  k27k 


78)[L]! 


(C 


k53  j(k34+  k32^  (k78+  k72)k21  +  k27k78 


Evaluation  of  a,  b  and  c  using  the  estimated 

2 

rate  constants  confirms  that  4 ac/b  <<  1,  and  thus 


k  -  c/b  , 
exp 


-36) 
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Scheme  10 


Scheme  10  has  the  same  general  form  as  Scheme 
C-I ,  so  equations  (C-l)  to  (C-5)  are  applicable.  However, 
a  consideration  of  the  nature  of  the  bonds  formed  in 
Scheme  10  leads  to  a  different  choice  of  "steady-state" 
intermediates.  In  Scheme  10,  and  are  expected 

to  be  considerably  smaller  than  their  counterparts  in 
Scheme  8.  Also,  the  amine  proton  is  much  less  acidic  than 
the  imidazole  proton.  Therefore,  for  the  kinetic  analysis 
of  Scheme  10,  the  "steady-state"  approximation  will  be 
applied  to  the  species  M— ImON  and  M-- NOIm,  which  correspond 
to  D  and  F  in  Scheme  C-I.  The  coefficient  matrix  in  equation 
(C-7)  must  then  be  modified  by  replacing  equations  (C-7) 
and  (C-=10)  with 


L2  =  -(S  +  cd  +  cm)  (C-37) 

L4  =  -(fm  +  fp)  (C-38) 

The  complete  computer-derived  expressions 
for  b  and  a  which  result  from  this  revised  analysis 
are  completely  identical  to  those  given  previously  for 
Scheme  8.  However,  the  expression  for  a  is  now  given  by 


a  =  mf (dp+dc+dm)  +  md(fp+fm)  +  (fp+fm) (dp+dc+dm) 


(C-39 ) 


' 
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In  Scheme  10,  the  rate  constants  are  expected 
to  have  values  in  the  order  k^r--k^r->  k „  ^-k „  ^-k,  k, 


'35  65 


"43  46  12 


64 


56 


-^53  by  analogy  with  the  discussion  of  the  rate 


constants  in  Scheme  8„  Estimates  of  kon  , kno  ,k01  and  k„„ 

32  23  21  34 

are  discussed  in  the  main  text. 

The  ligand  species  HL  and  L  in  Scheme  (C-III) 
are  related  to  by 


[HL]  = 


Kal  (H+)  Lt 


(Kal+  (H+) ) (Ka2+(H+) ) 


(C-40 ) 


and 


[L] 


+ 


(H+))(Ka2 


t 

+(H+)) 


(C-41) 


With  the  approximations  and  substitutions  given  above, 
the  complete  computer-derived  expressions  for  a,  b  and 
c  appropriate  to  Scheme  10  can  be  simplified  and 
rearranged  to  give 


a  k65(k32  f  k35) 


(042) 


b 


k65  (k23k35  +  k32k21) 


(043) 


and 
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<?  = 


k65  Lt 


(Kai+  (H+))(Ka2+  (H+) ) 


k12k23k35Kal (H  J  + 


(C-44) 


k46(k23k35  +  k32k21}  KalKa2  ]  +  k65k53k32k21 


) 


Evaluation  of  a,  b  and  c  using  the  estimates 

2 

of  the  rate  constants  confirms  that  4 ac/b  <<  1,  and 

thus  k  =  c/b  . 
exp  ' 
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